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   For millennia the importance is known to mothers and critical for child growth and survival. With the 
expansion of biomedical research in the late twentieth century  fi ne details and speci fi c solutions to 
prevention and treatment of childhood growth, diseases, and health can be de fi ned. The editors have 
decades of research and interest in nutrition and health including editing a previous version of Nutrition 
and Infancy a dozen years ago. With many advances in studies on the role of foods and nutrients in 
childhood necessitated an updated version with expanded authors and topics in seven major areas as 
part of a  two volume   set . 

   Volume 1 

  Overview: global   perspectives . This section begins with discussions of infant nutrition and lifelong 
health including adverse effects on infants in the Middle East and aboriginals in Canada. Developing 
problems for infants are reviewed on the role of fatty acids on neurological development and 
obesity. 

  Premature infant   feeding.  This section has six sections focusing on nutrition and premature infant 
health. These range from protein supplementation, colostrums, and total parenteral nutrition. 
Importantly these therapies effects on growth as well as de fi ning knowledge and research gaps are 
discussed. 

  Breast feeding:   growth and   health . This historical and traditional method of infant feeding makes up 
one of two major sections of the book with nine diverse reviews. Breast milk has major roles in 
growth, development, obesity, and body composition. The causes and solutions to early breast milk 
feeding cessation. Thus the need to store breast milk and maintain their functions is critical to many 
mothers. Breast feeding in special populations including the Indian subcontinent vary. A variety of 
factors affect breast milk including maternal dietary salt, diet, milk oligosaccharides, and tobacco 
smoking are discussed to thereby modifying infant health. The question of breast milk and risk of 
subsequent breast cancer is reviewed. Importantly methods to improve use of breast feeding and its 
duration on infant growth and health are de fi ned. 

  Micronutrients and   healthy infant   nutritional status . Clearly maternal supplement has been used to 
have effects on infants and bene fi ts/risks are reviewed along with food forti fi cation. Importantly the 
role of nutritional support of children with inborn errors of metabolism will be very helpful to physi-
cians. Finally major vitamins are reviewed including vitamin A status assessment and role in health, 
vitamin K de fi ciency, and micronutrient de fi ciencies in infant skin problems. Magnesium is develop-
ing as a new mineral to use in infant health as described in its chapter.  

                Preface 
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   Volume 2 

  Nutrition and   neonatal/infant disease.  Nutrition in infant diets plays key role in treatment of various 
challenging diseases and form the second major section with eight reviews. For examples, the reviews 
of intractable epileptic, chronic diseases, liver disease, short bowel syndromes, and Crohn’s disease 
show important roles of diet to manage and treat them. Nutrition and diet supplement are reviewed as 
modulators of undernutrition-induced hearing loss, diabetes, and HIV-induced malnutrition. Hormones 
as therapy affect bene fi cially infants with kidney disease. Glangliosides are modi fi ed by diet affecting 
neurological development. The role of dietary supplementation in developmental or genetic disease 
like celiac disease, acute gastroenteritis, and intestinal failure are reviewed. Surgery is sometimes 
needed to correct birth issues and an example is reviewed, percutaneous endoscopic gastrostomy 
designed for children. In support of surgeries in infants the role of nutrition for those undergoing it is 
de fi ned. Many diseases of infants have a nutritional component or therapy. 

  GI tract   considerations.  Parental nutrition can play important roles in the growth and development of 
the gastrointestinal tract of infants that need supplementation. This can include home parenteral nutri-
tion in developing countries or low-income families. Colonic  fl ora respond to diets and supplements 
and affect the infants’ growth and development. Thus pro and probiotics are reviewed as potential 
over-the-counter prevention and therapies to treat disease and promote growth. 

  Formulas in   health and   disease of   infants.  Historically formulas with food and nutrition components 
have been used as therapies by physicians. Home and hospital parenteral nutrition are reviewed in two 
chapters. Two other chapters review parenteral nutrition in premature infants and promotion of safety 
in disease prevention. Parenteral nutrition is the major focus of this section. Probiotics and probiotics 
are novel and developing for disease therapy and promotion of infant growth. Protein nutrition is key 
for helping undernourished preterm infants   . 

  Hormones and   lipids: growth   and development   of infants.  Hormones and lipids are becoming applied 
in diets, therapies, and from mother’s milk to affect infants. Diet’s role in managing hypercholester-
olemia is de fi ned. The role of infant adipose tissues and its hormones in changing infant development 
are carefully and completely reviewed. Maternal behavior and diet affect the infant as de fi ned by 
clinicians in a review. Finally hormone therapy is described as it improves growth in infants with 
chronic kidney disease. 

  Summary.  A wide range of nutritional and food-related therapies to prevent or ameliorate disease, 
growth retardation, and promote health are outlined by 113 experts in 59 chapters. This book becomes 
a de fi nitive source for much of the methods and approaches to use nutrition to promote well-being in 
infants.  

 Tucson ,  AZ , USA     Ronald   Ross   Watson      ,  Ph.D.  
       London , UK George   Grimble      ,  Ph.D. 
       London , UK Victor   R.   Preedy      ,  Ph.D. 
 Tucson ,  AZ , USA Sherma   Zibadi ,  Ph.D.            
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   Series Editor 

 The great success of the Nutrition and Health Series is the result of the consistent overriding mission 
of providing health professionals with texts that are essential because each includes: 1) a synthesis of 
the state of the science, 2) timely, in-depth reviews by the leading researchers in their respective 
fi elds, 3) extensive, up-to-date fully annotated reference lists, 4) a detailed index, 5) relevant tables 
and fi gures, 6) identifi cation of paradigm shifts and the consequences, 7) virtually no overlap of infor-
mation between chapters, but targeted, inter-chapter referrals, 8) suggestions of  areas for future 
research and 9) balanced, data-driven answers to patient as well as health professionals questions 
which are based upon the totality of evidence rather than the fi ndings of any single study.

The Series volumes are not the outcome of a symposium.  Rather, each editor has the potential to 
examine a chosen area with a broad perspective, both in subject matter as well as in the choice of 
chapter authors. The editor(s), whose training(s) is (are) both research and practice oriented, have the 
opportunity to develop a primary objective for their book, defi ne the scope and focus, and then invite 
the leading authorities to be part of their initiative.  The authors are encouraged to provide an over-
view of the fi eld, discuss their own research and relate the research fi ndings to potential human health 
consequences.  Because each book is developed de novo, the chapters are coordinated so that the 
resulting volume imparts greater knowledge than the sum of the information contained in the indi-
vidual chapters.

“Nutrition in Infancy”, edited by Professor Ronald Ross Watson, PhD, Professor George Grimble, 
PhD, Professor Victor R. Preedy, PhD, DSc, FRIPH, FRSH, FIBiol, FRCPath and Dr. Sherma Zibadi, 
MD, PhD clearly exemplifi es the goals of the Nutrition and Health Series.  The major objective of this 
comprehensive two volume text is to review the growing evidence that nutrition provided in utero and 
during infancy directly affects the entire lifetime health of the individual.  This volume includes 60 
up-to-date informative reviews of the current major dietary issues. Practicing health professionals, 
researchers and academicians can rely on the chapters in this volume for objective data-driven sources 
about essential vitamins and minerals, proteins, fats, and carbohydrates. This new comprehensive 
review of the science behind the nutritional strategies to assure the health of the neonate is of great 
importance to the nutrition community as well as for health professionals who have to answer patient, 
client or graduate student questions about the newest clinical research in nutrition and infancy.  

“Nutrition in Infancy” represents the most comprehensive compilation of the recent data on the 
actions of specifi c essential nutrients and bioactive dietary components on fetal development and 
growth of the preterm and term infant. It is to the credit of Drs. Watson, Grimble, Preedy and Zibadi 
that they have organized this volume so that it provides an in-depth overview of the critical issues 
involved in the determination of the best nutrition for infants including those born preterm, those with 
medical conditions that require specifi c dietary interventions, those born in developing nations or in 
developed nations, those with special GI tract requirements and those with genetic factors that affect 
the metabolism of certain foods and/or nutrients. 
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Each of the two volumes contains about 30 comprehensive chapters.  The fi rst volume contains 
four related sections.  The fi rst section, an overview of global perspectives on infant feeding practices, 
contains seven chapters that include reviews of the history of breast feeding from the beginning of 
time up until present times; there are several unique chapters that describe the discovery of the infant 
requirements for vitamins and government projects to assure the nutritional adequacy of infant feed-
ing programs. This is especially important when populations may be far from medical resources such 
as described in the chapters discussing infant nutrition issues in Aboriginal children living in remote 
regions such as in Northern Canada; infants from India, Pakistan, and Bangladesh; Middle East and 
North Africa. Infants can triple their birth weight during the fi rst year of life and the quantity as well 
as the nutritional quality of the diet can affect the growth rate dramatically. The introduction of com-
plementary foods during infancy in developing countries is usually dependent upon cultural norms 
and these are outlined for a number of African and East Asian nations in the next chapter. The fi nal 
chapter in this section includes a synthesis of studies examining the potential for development of food 
allergies in children from developed countries.  The chapter provides valuable discussions and tabu-
lates the data on the importance of timing of introduction of specifi c foods to infants and subsequent 
development of asthma and/or allergies.  

The second section contains six chapters on premature infant feeding. The chapter authors remind 
us that fetuses increase their weight 10 fold in the second and third trimester with concomitant gains 
in height and head circumference.  Preterm birth may therefore result in stunted growth due to a vari-
ety of medical conditions.  There is an important discussion of accurately determining whether a 
preterm neonate is small for its gestational age or growth retarded.  If the birth weight is less than the 
10th percentile-for-gestational age, this is defi ned as small-for-gestational age (SGA).  Growth restric-
tion and constitutional slow growth represent two distinct processes independent of SGA and are 
associated with different potential adverse outcomes.  Potential maternal factors linked to preterm 
birth are reviewed in several chapters. These include smoking, gestational diabetes, infections, mal-
nutrition, preeclampsia and most recently, excessive maternal weight as well as excessive maternal 
weight gain during pregnancy. 

Preterm infants usually lose more weight after birth than term infants. Preterm infants require 
greater protein and lipid administration following birth and increased vitamin, mineral and caloric 
supplementation throughout the fi rst year of life.  The absorption and bioavailability of nutrients by 
the premature gut differs from that of the fetus that obtains nutrients across the placenta.  The signifi -
cant medical morbidities seen in preterm infants especially lung disease that requires ventilation and/
or serious infections that require targeted nutritional interventions, add to the nutritional stresses seen 
in the preterm infant. The development of the microbiome also differs in preterm infants compared to 
term infants due to gut immaturity and medical conditions as mentioned above.  Even when preterm 
infants reach term equivalent, their pattern of growth continues to differ from infants born at term.  
Thus, these chapters provide detailed information on methods used to evaluate growth and nutritional 
status in preterm infants.  

One of the major considerations of preterm morbidity is that preterm infants exhibit intestinal wall 
immaturity which is measured as increased intestinal permeability.  The importance of human breast 
milk and other sources of nutrients for the premature infant are discussed in a single detailed chapter.  
The authors discuss the fact that the gastrointestinal (GI) system doubles in length from 25 to 40 
weeks’ gestation. Preterm birth signifi cantly increases the risk of necrotizing enterocolitis, an infl am-
matory cascade that leads to ischemia/necrosis of the intestines. This disease is found in 7-10% of 
very low birth weight infants who are usually born before the 25th week of gestation and is associated 
with 33% mortality and 33% long-term GI and/or neurodevelopmental morbidity.  Several chapters 
review the data concerning the importance of glutamine and arginine in reducing gut permeability. 
Related to GI tract maturation is the availability of maternal colostrum.  The chapter on colostrum 
reviews the immunological as well as nutritional importance of this fi rst milk especially to very low 
birth weight preterm infants.  Another important nutrient for the preterm infant is protein.  Unlike term 
infants who have a recommended daily protein intake of 1.5 g/kg/day for the fi rst 6 months of life,  the 
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smallest preterm infant can have an increased protein need of about 4 g/kg/day and preterm  infants 
>750-1500 grams require at least 3-3.5 g/kg/ day depending upon their medical conditions.   

The preterm infant’s protein requirements from parenteral and enteral sources are discussed in detail 
in the next two chapters. The chapters review the importance of parenteral nutrition (PN) for preterm 
infants.  The provision of nutrients intravenously is complicated in adults, and it is extremely compli-
cated in the smallest, least developed preterm infants.  Not only are the procedures complex, but the 
administration of the correct balance of nutrients, fl uids and maintenance of non-infective complica-
tions is of paramount importance. The determination of standards of growth for the preterm infant 
given parenteral nutrition is ongoing and several important studies are reviewed and extensively tabu-
lated for the reader.  These detailed chapters provide practice-based suggestions concerning the most 
critical aspects of assuring the health of the preterm receiving PN during the fi rst days of life.

Nine chapters examine the role of breastfeeding in the growth and health of the term infant.  The 
third section includes reviews of the nutritional value of human breast milk and the consequences of 
maternal smoking on these nutrients.  There are also unique chapters on methods to improve the ini-
tiation and success of breastfeeding, another on potential reasons why infants stop breastfeeding and 
potential ways to restart breastfeeding; a chapter that reviews the totality of the evidence concerning 
the association of breastfeeding and cancer risks in the breastfed child, and a chapter on storage of 
breast milk with protocols tabulated for the reader.  The section begins with a chapter on human milk 
oligosaccharides (HMO), complex carbohydrates abundant in human milk. Recent data show that 
HMO might protect very-low-birth-weight preterm infants from necrotizing enterocolitis.  HMO help 
establish and maintain a healthy colonic microbiome. The authors remind us that currently there are 
no human clinical research studies with HMO. 

The next chapter updates information concerning the role of breastfeeding duration and lowered 
risk of childhood and adult obesity.  The authors objectively review the recent meta-analyses and also 
examine the data from studies with formula-fed infants.  Maternal dietary factors that can affect 
breastfeeding duration are discussed in the chapter that describes the role of maternal dietary salt 
intake. Factors including maternal diabetes, obesity and undernutrition are examined in detail.  
Maternal smoking and/or fetal exposure to environmental tobacco smoke and its effects on the neo-
natal immune and respiratory systems is reviewed in the next chapter.  There is a strong association 
between smoking exposure and increased risk of asthma and allergies in the neonate and the child of 
smoking parents.   Moreover, maternal smoking is associated with reductions in oxytocin that is 
required for release of milk from the breast.  

The fourth section, entitled “Micronutrients and Healthy Infant Nutritional Status”, contains nine 
chapters that include examination of foods as well as individual nutrients.  The prevalence of micro-
nutrient defi ciencies in infancy and in the second and third years of life are reviewed in the fi rst chap-
ter.  Reference values from the World Health Organization are tabulated.  Provision of supplements to 
expectant mothers is one strategy proposed to reduce infant nutritional defi ciencies especially in 
developing countries.  Supplemental iron, folic acid, calcium, zinc, vitamin D, vitamin A and other 
essential nutrients are discussed.   Another strategy is food fortifi cation that has the benefi t of not hav-
ing to change dietary habits.  Successful fortifi cation programs including iodization of salt, addition 
of iron and folic acid to staple foods and addition of vitamin A to rice are reviewed in detail.  

The importance of examining the amino acid and protein sources and content of infant formulas is 
reviewed in the next chapter that reminds the reader that cow’s milk and human milk differ signifi -
cantly in their major proteins as well as the protein’s amino acid concentrations. The potential conse-
quences of these differences are discussed in light of the differences in compositions between currently 
available formulas.  Taurine is considered a non-essential amino acid in adults, but may be essential 
to the developing embryo, fetus and neonate.  The value of taurine for optimal development of the 
cardiovascular system is discussed in a separate, well-illustrated chapter.  There is an additional chapter 
that reviews the importance of gangliosides in neuronal development and the value of placental 
transfer and human breast milk as sources of gangliosides for the developing fetal and infant brain and 
nervous systems.
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Determination of micronutrient defi ciencies in infants, especially in developing countries where 
medical facilities may not be nearby, is of great importance as these are often multi-micronutrient 
defi ciencies that can result in serious adverse effects.  The chapter describing the cutaneous and 
mucous membrane manifestations of nutritional defi ciencies reviews the symptoms that can be seen 
during the early stages as well as later defi ciency diseases.  In addition, treatment modalities for the 
most commonly seen vitamin and mineral defi ciencies are described.  One of the micronutrient defi -
ciencies that may be overlooked is magnesium defi ciency.  The chapter on magnesium tabulates the 
requirements for this mineral in infants and young children, manifestations of low as well as high 
magnesium status and the consequences of these conditions in infants. Vitamin K is another essential 
micronutrient that may be low in the term infant and is often in very low concentrations in the blood 
of preterm infants.  Vitamin K is essential for the synthesis of certain coagulation factors. If the neo-
nate’s plasma concentration of vitamin K is low, they may suffer from vitamin K defi ciency bleeding, 
previously called hemorrhagic disease of the newborn. In the developed nations, neonates are supple-
mented with vitamin K immediately after birth. As described in the next chapter, neonates, and par-
ticularly those who are breastfed, benefi t from prophylactic vitamin K but cost implications may be 
prohibitive in some regions of the world.  The fi nal chapter in this section reviews the importance of 
optimal vitamin A status in the mother and infant as a key determinant in maintaining the infant’s 
natural immunity.  Also included in the chapter is a discussion of the weaning transition time and diet 
as weaning is a risk factor for vitamin A defi ciency. One strategy may be to improve maternal vitamin 
A status and her breast milk vitamin A levels so that the infant can build suffi cient body reserves of 
vitamin A prior to the transition. Improving vitamin A content in weaning foods is also important.

The second volume of “Nutrition in Infancy” emphasizes clinical conditions found in infancy. Half 
of the second volume is devoted to reviews of the clinical signifi cance of nutritional factors in infants 
with diseases and/or conditions that are either inherited or develop postnatally. Section E contains 17 
chapters devoted to these critical practice- related topics.  The fi rst chapter in this section describes 
two examples of altered body composition in children; those with cerebral palsy and Down syndrome, 
both prevalent disorders with differing etiologies, but signifi cant and opposite impacts on growth, 
body composition and nutritional status. These differences require separate approaches for accurate 
nutrition-related clinical assessment and management that are described in detail. The second chapter 
provides an extensive overview of the major nutritional consequences and treatments of inborn errors 
of metabolism.  Conditions reviewed include amino acid genetic errors such as phenylketonuria, 
errors in carbohydrate metabolism resulting in glycogen storage diseases and errors in fat metabolism. 
The third chapter on epilepsy in infancy reviews the importance of the ketogenic diet which is a high 
fat, low carbohydrate diet with an adequate amount of protein that mimics the metabolic state of fast-
ing during an anabolic situation. This special dietary regime is used in conjunction with anti-epileptic 
drugs and also when the drugs do not provide benefi t to the infant or young child. The chapter includes 
detailed appendices and tables. 

Seven of the 17 chapters examine serious acute as well as chronic gastrointestinal (GI) diseases.  
There is a unique chapter that describes the effects of inherited malformations in the cranium and/or 
oral cavity on the nutritional status of the infant and growing child.  Also included in this chapter are 
discussions of maintenance of the early teeth and avoidance of caries. Even when cranio-facial devel-
opment is normal, feeding diffi culties can arise in the neonatal period due to biological, developmen-
tal or behavioral issues. Reduced effi ciency in feeding often occurs when there is oral motor 
dysfunction, which is common in children with developmental disabilities. With regard to acute gas-
troenteritis, this is the commonest indication seen in children in emergency rooms in the US. Diarrhea, 
usually caused by viral infection, is reviewed in detail and provides current treatment methods depend-
ing upon laboratory fi ndings, diagnosis and current nutritional status of the child.  The detailed 
description of the physiology of the gastrointestinal tract provides excellent background information 
for understanding the effects of pathological conditions discussed in subsequent chapters. Over 20 
pathogenic conditions are described in detail including viral, bacterial and parasitic infections. 
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As described in the chapter on short bowel syndrome, intestinal failure is defi ned as the critical 
reduction of functional gut mass below the amount that is minimally necessary for adequate digestion 
and absorption to satisfy nutrient and fl uid requirements for growth in children. Therefore the use of 
parenteral nutrition (PN) is required. Intestinal failure may result from intestinal obstruction, dysmotil-
ity, surgical resection, congenital defects, or disease-associated loss of absorption. Intestinal failure 
may be caused by short bowel syndrome (SBS), mucosal enteropathy, or dysmotility syndromes. SBS 
is a subcategory of intestinal failure, which may result from surgical resection, congenital defect or 
disease-associated loss of absorption. This condition is characterized by the inability to maintain pro-
tein-energy, fl uid, electrolyte or micronutrient balances when on a conventionally accepted, normal 
diet.  One of the mechanisms used to provide nutrition to the infant with serious gastrointestinal issues 
is the use of a gastric feeding tube (gastrostomy).  The next chapter describes this procedure, its benefi ts 
and risks.  The commonest reason for gastrostomy placement in children is neurological disability, 
either congenital or acquired brain injury; other causes include congenital heart disease, chronic lung 
disease, cystic fi brosis, congenital malformations that prevent swallowing and malignancy. 

The chapters that review Crohn’s disease, celiac disease, intestinal failure, acute and chronic gas-
troenteritis and liver diseases also contain clinically relevant discussions of signs and symptoms and 
current therapies including considerations of use of enteral as well as PN where warranted.  The chap-
ters include excellent tables and fi gures as well as guidelines for patient evaluations of macro and 
micronutrient levels that are often affected by these chronic disease states that often develop in 
infancy, during the transition to semi-solid foods from breast feeding, and/or in early childhood.   
Relevant data on occurrences in developed and developing nations are included.  As there are many 
commonalities between the symptoms seen in these chronic conditions, including failure to thrive, 
diarrhea and stunting, each chapter author provides specifi c mechanisms available to determine the 
exact causes of the gastric distress.  

The fi nal fi ve chapters in this section examine the nutritional effects of kidney disease, HIV infec-
tion and diabetes.  The chapters on the effects of undernutrition on hearing capacity, and the ability to 
fi ght infections that may be associated with surgery in infancy complete this section.  The common 
thread of potentially severe malnutrition associated with these conditions is reviewed with emphasis 
on clinically validated methods to overcome growth retardation and improve GI functions.  Specifi cally, 
in the chapter on HIV infection, the WHO guidelines are included as well as tabulation of the clinical 
studies in HIV-infected mothers and multifactorial effects of breastfeeding.  Another unique chapter 
describes the fetal development of hearing and reviews the anatomy and physiology of the auditory 
processes. The chapter examines the micronutrients most commonly associated directly or indirectly 
with hearing impairment including iodine, iron, zinc and vitamins A, B12 and D.  The chapter on Type 
I and Type II diabetes reminds us that this is the most common metabolic disease in infants and chil-
dren.  Nutritional management during early childhood is described in detail.  The fi nal chapter in this 
clinically-focused section examines the effects of severe stresses on the infant that include events 
such as cardiac surgery and burns. Young children, due to their low protein reserves, are particularly 
vulnerable to the adverse nutritional effects of stress. The chapter reviews the role of nutrition support 
in helping to preserve skeletal muscle and support organ and immune function. The optimal levels of 
macronutrients, micronutrients, energy and nutrition support in critically ill children are unknown. 
Predictive equations may not adequately predict energy needs during critical illness. As all of the 
authors acknowledge, more research in the area of nutrition support for the acute and/or chronically 
ill child is urgently needed.

The sixth section contains fi ve chapters that examine PN in detail as well as the importance of the 
microbiome in the infant, toddler and growing child.  The two comprehensive chapters that describe 
PN in the hospital and home settings provide important clinical data. PN is the technique of artifi cial 
nutrition that provides the patient with fl uids, energy and nutrients that are delivered directly to the 
circulatory system through the venous network. This non-physiological path of nutrient provision 
results in a dramatically different gastrointestinal response than that with enteral nutrition as PN pro-
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vides no trophic effect on intestinal mucosa.  Descriptions of protocols for determining constituents 
of PN for infants in hospitals and home settings are included. 

Three chapters examine the role of the microbiome in the health of healthy as well as infants with 
serious GI-related diseases.  As described by the authors, at birth, the intestine is sterile and colonic 
function of the human infant is immature. The development of the infant’s microbiome is described 
in detail.  The development of the colonic functions, including water absorption and carbohydrate 
fermentation, is related in part to the intestinal microbiota. These bacteria have well-established meta-
bolic functions and perform important inmunoregulatory roles. Data from the human microbiome 
project has begun to identify and characterize the microorganisms found in both healthy and diseased 
individuals. The chapters objectively describe the functions of benefi cial microorganisms that are 
consumed, and are referred to as probiotics, and nutritional sources for the probiotics, that are referred 
to as prebiotics.  The microbiome contributes to the nutritional welfare of the infant through its metab-
olism of complex carbohydrates, generation of short-chain fatty-acids as an energy substrate for 
colonic epithelia, and production of folate and other B vitamins. Prebiotics have been found to selec-
tively stimulate favorable growth and/or activity of selected probiotic bacteria in the colon. Probiotics 
have been shown to be benefi cial in the treatment of acute infectious diarrhea as these reduce duration 
and stool frequency.  We are reminded that optimal prebiotic usage as well as probiotic strains and 
dosages for preterm as well as full term infant patients still remain to be determined.

The fi nal section of the second volume examines the newest research on the importance of long 
chain lipids in the growth of infants and also reviews the data linking early nutritional exposure to the 
risk of developing hypercholesterolemia, premature cardiovascular disease and obesity.  The fi rst 
chapter reviews in detail the value of lipid emulsions for the preterm and very preterm infant provided 
as either PN or enteral nutrition. The chapter includes a valuable discussion of the sources of oils used 
in available emulsions and provides recommendations based upon effi cacy and safety data.  Another 
chapter extensively reviews the roles of long chain omega-3 and omega-6 fatty acids in the neurologi-
cal development and growth of the fetus and neonate with emphasis on the increased requirements in 
the preterm infant. The development of the brain and retina, visual and cognitive functions are 
reviewed and relevant epidemiological and intervention studies are tabulated. Recommendations for 
maternal intakes of long chain polyunsaturated fatty acids during pregnancy are included.  

The balance between infant energy and growth requirements and increased risk of higher than 
normal serum lipids is compounded by genetic factors that predispose certain infants to premature 
cardiovascular disease.  Relevant treatments, patient evaluation and review of the literature are pro-
vided in the next chapter. The mechanisms of action of adipose tissue cells, adipocytes, in regulating 
hunger, satiety and weight in utero as well as in infancy are examined in a separate chapter.  Details 
concerning the effects of preterm birth followed by rapid weight gain and signifi cantly increased risk 
of cardiovascular disease in adulthood are described.  The receptors on adipocytes, hormones synthe-
sized by adipocytes and their actions are reviewed.  

The reader is reminded that currently there is no national or international agreed upon diagnostic 
cut off or defi nition of obesity in infants and young children. Strategies, from individual recommenda-
tions to public health measures are discussed and provide options for health providers.  An overriding 
issue remains that there is no agreed-upon recommendation concerning when to begin screening for 
potential weight problems in infants, toddlers and young children.  The two main hypotheses to 
explain the observed inverse association between small size at birth and adult disease are fetal pro-
gramming i.e. the thrifty phenotype hypothesis and genetic susceptibility hypothesis. These, as well 
as future research areas and implications, are reviewed in detail in the following chapter.  The book’s 
fi nal chapter examines the interactions between maternal behaviors and infant’s weight gains.  This 
unique chapter reviews the data that suggest that a mother can overfeed by virtue of failing to heed 
her infant’s satiety signals, with a resultant heavier infant. The historic overview of studies on infant 
feeding practices in this chapter suggests that clinicians can help guide mothers to better read their 
infants’ hunger and satiety cues to avoid overfeeding.
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The logical sequence of the Sections as well as the chapters within each Section enhance the under-
standing of the latest information on the current standards of practice in infant feeding for clinicians, 
related health professionals including the dietician, nurse, pharmacist, physical therapist, behaviorist, 
psychologist and others involved in the team effort required for successful treatment of infants with 
relevant diseases and conditions that adversely affect normal metabolic processes.  This comprehen-
sive two volume resource also has great value for academicians involved in the education of graduate 
students and post-doctoral fellows, medical students and allied health professionals who plan to inter-
act with parents of infants with disorders that may be benefi cially affected by nutritional supports 
including enteral and parenteral nutritional modalities.

Cutting edge discussions of the roles of signaling molecules, growth factors, hormones, cellular 
and nuclear receptors and all of the cells and tissues directly involved or affected by the nutrients 
provided to infants, both term and preterm are included in well-organized chapters that put the molec-
ular aspects into clinical perspective.  Of great importance, the editors have provided chapters that 
balance the most technical information with discussions of its importance for clients and parents of 
patients as well as graduate and medical students, health professionals and academicians.

The volume contains over 200 detailed tables and fi gures that assist the reader in comprehending 
the complexities of breast milk, breastfeeding, other sources of infant nutrition as well as the biologi-
cal signifi cance of critical nutrients and the microbiome in maintaining infant growth and health.  The 
over-riding goal of this volume is to provide the health professional with balanced documentation and 
awareness of the newest research and therapeutic approaches including an appreciation of the com-
plexity of the interactions between genetics, intrauterine growth, maternal health, and term compared 
to preterm birth issues in this relatively new fi eld of investigation.  Hallmarks of the 60 chapters 
include key words and bulleted key points at the beginning of each chapter, complete defi nitions of 
terms with the abbreviations fully defi ned for the reader and consistent use of terms between chapters.  
There are over 4000 up-to-date references; all chapters include a conclusion to highlight major fi nd-
ings. The volume also contains a highly annotated index.

This unique text provides practical, data-driven resources based upon the totality of the evidence 
to help the reader understand the basics, treatments and preventive strategies that are involved in the 
understanding the role dietary components may play in the early development of healthy infants as 
well as those with gastrointestinal diseases, genetic defects, metabolic or other complications and/or 
neurological impairments.  Of equal importance, critical issues that involve parental concerns, such 
as food preferences in children, potential effects on weight gain or growth, breastfeeding versus for-
mula feeding and differences in critical issues such as HIV infections in developing and developed 
nations are included in well-referenced, informative chapters.  The overarching goal of the editors is 
to provide fully referenced information to health professionals so they may have a balanced perspec-
tive on the value of various preventive and treatment options that are available today as well as in the 
foreseeable future.

In conclusion, “Nutrition in Infancy”, edited by Professor Ronald Ross Watson, PhD, Professor 
George Grimble, PhD, Professor Victor R. Preedy, PhD, DSc, FRIPH, FRSH, FIBiol, FRCPath and 
Dr. Sherma Zibadi, MD, PhD provides health professionals in many areas of research and practice 
with the most up-to-date, well referenced and comprehensive volume on the current state of the sci-
ence and medical practice guidelines with regard to maintaining the optimal nutritional status of the 
infant.  This volume will serve the reader as the most authoritative resource in the fi eld to date and is 
a very welcome addition to the Nutrition and Health Series.        

    Adrianne   Bendich ,  Ph.D., F.A.C.N., F.A.S.N.    
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      Key Points 

    Studies of children with cerebral palsy indicate growth is compromised throughout life and the • 
more severe the motor de fi cit, the greater the degree of growth failure  
  In general, children with cerebral palsy have reduced body fat and fat-free mass, though the differ-• 
ences are small for children with milder forms of cerebral palsy  
  Postnatal growth retardation is a clearly identi fi ed feature of Down syndrome  • 
  Down syndrome is characterized by a wide range of phenotypic abnormalities including altered • 
head and facial growth, disproportionately short proximal limb growth, and organ abnormalities  
  Overweight/obesity is common in children with Down syndrome beginning in late infancy and • 
early childhood     

  Keywords   Growth  •  Body composition  •  Chronic disease  •  Nutrition  •  Cerebral palsy  •  Down 
syndrome  

   Introduction 

 Adequate nutrition is essential for normal growth and development. Children with chronic disease 
may have functional limitations due to a physically based disorder of prenatal (genetic, disruption of 
fetal development), perinatal (late pregnancy or delivery), or postnatal origin likely with accompany-
ing alterations in dietary intake, metabolism, growth, and activity resulting in body composition that 
differs from the healthy child. This chapter, which is an update of previous work  [  1  ] , describes two 
contrasting models of altered body composition in children; those with cerebral palsy (CP) and Down 
syndrome (DS), both prevalent disorders with a differing etiology and impact on growth, body com-
position, and nutritional status. These differences require separate approaches for accurate nutrition-
related clinical assessment and management.  

    Chapter 1   
 Growth and Body Composition in Children 
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   Cerebral Palsy 

   Background 

  Cerebral palsy  is de fi ned as “a group of permanent disorders of the development of movement and 
posture, causing activity limitation, that are attributable to nonprogressive disturbances that occurred in 
the developing fetal or infant brain  [  2  ] .” CP affects 2.5 in 1,000 births in the United States  [  3  ]  with the 
most common etiology being anoxia around the time of birth, often due to dif fi culties at delivery. 
Disability in CP varies widely depending upon the extent and motor systems affected. About 80% of 
children with CP have some type of movement disorder  [  3  ] , with the most common classi fi cations being 
 spastic  (stiff and dif fi cult movement),  dyskinetic  (involuntary and uncontrolled movement), and  ataxic  
(disturbed sense of balance and depth perception). Limbs affected by the disorder may include one 
 (monoparesis) , two  (hemiparesis, diplegia) , three  (triplegia) , or all four  (quadriplegia) . In children with 
CP, the valid and reliable classi fi cation system for impairments in gross motor function most commonly 
used in clinical and research settings is the Gross Motor Function Classi fi cation System-Expanded and 
Revised (GMFCS-ER)  [  4  ] , which rates severity of symptoms ranging from 1 (low) to 5 (high).  

   Growth Characteristics 

 Since increases in body size are highly correlated with increases in fat-free mass (FFM), body weight 
serves as a rough indicator of changes in FFM when direct body composition measures are unavail-
able. By measuring height or a limb length, studies of children with CP indicate growth is compro-
mised throughout life and the more severe the motor de fi cit, the greater the degree of growth failure. 
Early investigations assumed that growth failure was due to the underlying brain disorder, some set of 
factors linked to it (e.g., central nervous system (CNS) damage, lack of normal activity, altered energy 
expenditure, limb atrophy, scoliosis), or chronic malnutrition  [  5  ] . More recent studies have strongly 
implicated malnutrition as a frequent cause of growth failure, particularly among severely affected 
children  [  6–  11  ] . Because of the cognitive and physical heterogeneity found in children with CP, 
growth delays vary greatly. 

 Studies which have used traditional anthropometic tools to assess stature suggest that overall, chil-
dren with quadriplegic CP are about 1.5 standard deviations (SD) below average (between  fi fth and 
tenth centiles) for body size; those with hemi or diplegia are reduced by less than 0.5 SD (between 
twenty- fi fth and  fi ftieth centiles). Since accurate stature is dif fi cult or impossible to measure in this 
population of children, alternative measures (upper arm or lower leg lengths) are used to assess growth 
 [  12–  14  ] . Among children with quadriplegic CP, size is usually less than the third centile with 
signi fi cantly greater de fi cits in lower leg than upper arm length. Hemiplegic and diplegic children 
have proportionate reductions in each dimension of around 0.5 SD (near the twenty- fi fth centile). 

 Cross-sectional studies  [  7,   12,   15  ]  show that children with severe CP display progressively greater 
growth failure with age probably due to the cumulative effects of various factors including nutritional, 
CNS, contractures, and scoliosis. Age-speci fi c measures of growth are closer to normal in infancy and 
toddlerhood (around tenth centile), but substantially less than the third centile by mid-childhood. 
During adolescence, the degree of growth failure is increased by a reduction in the pubertal growth 
spurt. By the oldest pre-adult ages, body size is sometimes reduced by as much as 3 SD below the 
average. Among children with milder CP, those <6 years of age may have slightly greater linear 
growth de fi ciency than older children  [  6  ] . Improvements with age appear to be associated with better 
nutritional status and higher levels of body fat, possibly due to improved oral motor functioning as 
feeding and other developmental milestones are achieved. 
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 As indicated above, children with more severe disease including seizure disorders where all four 
limbs are involved and those with the greatest degree of hypertonicity demonstrate both the most 
substantial growth failure and the greatest compromise in body fat and FFM. However, feeding 
dif fi culties associated with poor oral motor functioning almost inevitably affect these children and 
contribute to under-nutrition  [  16–  19  ] . Thus nutritional compromise and disease severity confound 
each other. A substantial number of studies have demonstrated an association between poor growth 
and feeding abnormalities. Stallings et al.  [  7  ]  separated the effects of disease severity and other factors 
(i.e., age, gender, and ethnicity) contributing to growth failure in children 2–18 years of age with 
quadriplegic CP using a two step regression procedure. For children <8 years, the impact of nutri-
tional status (assessed by body fat measures) on growth was larger than in children >8 years. This age 
difference probably re fl ects the irremediable effects of long-term under-nutrition on growth of older 
children who ultimately reach skeletal maturation (i.e., loss of linear growth potential) in spite of 
chronic malnutrition. Nutritional status may also contribute to the milder growth de fi ciency in chil-
dren with hemiplegia and diplegia with signi fi cant correlations between size, fat, and muscle mea-
surements in these children  [  6  ] . 

 Established in 1996, the North American Growth in Cerebral Palsy Project (NAGCPP) research 
program investigated growth, nutrition, functional outcomes, and overall quality of life in children 
with CP. The goal was to de fi ne growth patterns, determine the nutrition, endocrine, neurologic, and 
physical factors in fl uencing growth and to investigate how growth affects function, general health 
status, cognitive and motor development, family stress, health care use, morbidity, and mortality  [  20  ] . 
Subjects were recruited from six centers in the United States and Canada. Results from NAGCPP 
showed that in children ages 2–18 years with moderate to severe CP (GMFCS III to V) parent reported 
feeding dysfunction was strongly associated with poor health and nutritional status as well as severity 
of motor impairment. Those orally fed (non-tube fed) displayed a dose response relationship between 
severity of feeding dysfunction and growth and body fat (energy) stores, suggesting a pattern of inad-
equate energy intake. The authors recommended using a structured feeding dysfunction questionnaire 
to screen for nutritional risk in children with CP  [  21  ] . Similar  fi ndings from a large population-based 
cohort study conducted in England showed that feeding dif fi culties reported by parents in the  fi rst 4 
weeks of life in children with CP were associated with more severe neurodevelopmental impairments 
and an increased likelihood of being underweight by school age, suggesting that early, persistent and 
severe feeding dif fi culties are a marker for future growth failure  [  19  ] .  

   Body Composition and Nutritional Status 

 In general, children with CP have reduced body fat and FFM, though the differences are small for 
children with milder forms of CP. Children with severe CP have been found to be de fi cient in both 
fat mass (FM) and FFM by various measures  [  6–  8,   12,   22–  24  ] . Anthropometric measures of body fat 
(e.g., triceps and other skinfold sites, percent body fat computed from skinfolds) indicate that body 
fat stores are reduced by 0.5–1.0 SD (between tenth and twenty- fi fth centiles) for children with quad-
riplegic CP and by about 0.3 SD (between twenty- fi fth and  fi ftieth centiles) for children with less 
severe CP  [  6,   7  ] . Arm muscle area (an indicator of muscle mass  [  25  ] ) is around tenth centile for quad-
riplegic CP children, but near the median on average for children with hemiplegic and diplegic CP. A 
study from the NAGCPP con fi rmed these earlier  fi ndings showing that a population based sample of 
children with moderate to severe CP were malnourished, displayed low fat stores, decreased muscle 
mass and short stature  [  24  ] . Hospitalizations, physician visits, missed school days, days spent in bed, 
and inability to perform usual activities were greater in children with CP with lower energy stores, 
suggesting poorer health status and limitations in societal participation.  
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   Estimates of Body Composition in Severe CP 

 Stallings et al.  [  8  ]  evaluated relative FFM and FM in pre-pubertal children with quadriplegic CP 
 compared with a group of healthy control children. FM in these children was reduced to about 60% 
of the control value (2.9 vs. 4.6 kg in control), and FFM by about 75% (13.5 vs. 17.6 kg) using deu-
terium oxide dilution. (D 

2
 O). Anthropometric estimates of FM and FFM  [  26  ]  yielded even lower 

estimates (47% for FM, 69% for FFM). Regression analyses indicated that black children were at risk 
for even lower fat stores (on average, 1.8 kg less than white children) and those with gastrostomy 
tubes had higher fat stores (on average 1.7 kg greater than those without tubes). The reduced fat stores 
in black children may be an artifact of the expected greater bone density and lower body fat levels 
seen in otherwise healthy black children  [  25,   27  ] .  

   Centripetal Fat Pattern 

 Similar to other conditions associated with chronic nutritional deprivation, children with severe CP 
have a centripetal fat pattern where the fat on the arm (triceps site) is differentially more depleted than 
that on the body (subscapular site). This was  fi rst documented by Spender et al.  [  28  ]  and later repli-
cated by Stallings et al.  [  8  ] . Thus, exclusive use of the triceps skinfold as an indicator of subcutaneous 
fat stores may underestimate total body FM in these children. Simple correlations showed that the best 
estimate of percent body fat in children with CP (using D 

2
 O as the standard) is the Slaughter et al. 

equation  [  26  ]  which uses triceps and subscapular skinfold measurements  [  8  ] .  

   Clinical Assessment in Children with Cerebral Palsy 

 Growth assessment for children with CP should follow many of the procedures used in a standard of 
care pediatric examination, including accurate and reproducible measurements of stature (recumbent 
length or height) and weight, head circumference in younger children and measurement of one (tri-
ceps) or more (biceps, subscapular or suprailiac) skinfolds to determine body fat stores. These mea-
sures should be made accurately  [  29  ]  using standard equipment and techniques. Results are plotted on 
a growth chart  [  30  ]  or compared to other reference data that are based on a large sample that re fl ects 
the growth of healthy children. As discussed previously, the growth pattern for children with CP may 
be drastically different from those of their healthy counterparts. Krick et al.  [  15  ]  provided the  fi rst CP 
speci fi c growth charts for height, weight and weight for height for children with quadriplegic CP   . 
These charts were developed using tools of unknown reliability and malnourished children were not 
excluded from the sample. 

 Since stature measurement accuracy is usually poor in children with severe CP, special approaches 
to linear growth assessment should also be instituted  [  31  ] . Spender et al.  [  12  ]   fi rst suggested using 
upper arm and/or lower leg length as alternatives to height measures for dif fi cult to measure children. 
These measures have a high correlation with stature in healthy children (around 0.8), and are particu-
larly useful for children >3–4 years of age. Stevenson  [  14  ]  evaluated a convenient sample of younger 
children with CP using these same measures and knee height, using only children with CP whose 
height/recumbent length could be measured. The correlation between height and each of the three 
measurements was around 0.97, indicating that such measures are a strong proxy for height. 

 Stallings and Zemel  [  13  ]  developed reference charts for upper arm and lower leg length drawn 
from a sample of healthy children 3–18 years old on which such measurements of children with CP 
are plotted. Using these charts, the clinician compares linear growth of a child with CP to that of 
healthy, same age, and gender children. It is an approach yielding a proxy for height age to be used to 



71 Growth and Body Composition in Children with Chronic Disease

assess the child’s weight for height. In contrast, Stevenson recommended use of either lower leg 
length (measurable with a steel tape) or knee height (measurable with a modestly priced caliper) and 
computation of height using the following equations: 

 Upper arm length: stature (cm) = 21.8 + (4.35 × upper arm length) 
 Lower leg (tibial) length: stature (cm) = 30.8 + (3.26 × lower leg length) 
 Knee height: stature (cm) = 24.2 + (2.69 × knee height) 

 The computed stature values are plotted on a growth chart for healthy children  [  30  ] . This approach 
allows a weight for height determination to be made. The equations, however, are only valid for chil-
dren 12 years and under. Equations developed to estimate height from knee height in a healthy popula-
tion  [  32  ]  are recommended to be used for estimating height in adolescents and adults with CP. The 
NAGCPP produced growth curves for weight, knee height, upper arm length, mid-upper arm muscle 
area, triceps skinfold and subscapular skinfold for children with moderate to severe CP  [  33  ] . Height, 
weight, and BMI growth charts strati fi ed by motor and feeding skills in children with CP  [  34  ]  showed 
that those with minimal motor dysfunction achieved weights and heights similar to sex and age 
matched healthy children. However, those with signi fi cant motor dysfunction and/or feeding dif fi culties 
displayed signi fi cantly attenuated weight and heights compared to those achieved by healthy children, 
suggesting standard growth charts should not be used to monitor growth of children with CP. Tibia 
length growth curves for ambulatory children with CP (GMFCS levels I, II, and III) also exist  [  35  ] . 
Recently, Brooks et al.  [  36  ]  published growth charts for weight strati fi ed by age and GMFCS which 
were constructed from over 100,000 weight measures in children with CP (Fig.  1.1 ). These charts 

  Fig. 1.1    Scatter plots of weight for age for boys with cerebral palsy (CP) in Gross Motor Function Classi fi cation 
System (GMFCS) level I ( left ) and tube fed girls with CP in GMFCS level V ( right ). Also plotted are estimated weight 
for age percentiles for GMFCS I boys with CP ( left ) and GMFCS V tube fed girls with CP ( right ) compared to respec-
tive Center for Disease Control percentiles in the general population (GP). Reproduced with permission from Pediatrics, 
Vol. 128, Page(s) e299–e307, Copyright © 2011 by the AAP       
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were designed to mimic the Center for Disease Control charts and there were no inclusion criteria for 
good to optimal nutritional status. Studies are needed to establish their utility in clinical care and 
effectiveness in recognizing unhealthy weights to support treatment changes.  

 Nutritional status assessment identi fi es children who are over or undernourished. Approaches to 
dietary intake were reviewed by Stallings and Zemel  [  8  ] . Body fat may be assessed in children with 
CP by measurement of triceps and subscapular skinfold thickness  [  29  ] . Percent body fat can be calcu-
lated using the equations from Slaughter et al.  [  26  ]  as follows:

       All females : % body fat = 1.33 (triceps + subscapular)−0.013 (triceps + subscapular) 2 −2.5  
   Prepubescent white males : % body fat = 1.21 (triceps + subscapular)−0.008 (triceps + subscapular) 2 −1.7  
   Prepubescent black males : % body fat = 1.21 (triceps + subscapular)−0.008 (triceps + subscapular) 2 −3.2    

 In overweight subjects, when the sum of triceps and subscapular skinfolds is >35 mm, the following 
equations are used:

    All females : % body fat = 0.546 (triceps + subscapular) + 9.7  
   All males : % body fat = 0.783 (triceps + subscapular) + 1.6    

 Values for summed triceps and subscapular skinfolds (in mm) can also be used and compared to 
reference data from the National Health and Nutrition Examination surveys I and II provided in 
Frisancho  [  25  ] . Estimation of percent body fat using skinfold measures should be made with caution 
in severely affected children with CP because of the disproportionality of total body fat compared to 
healthy, physically active children from which the estimation equations were developed  [  37  ] .   

   Down Syndrome 

   Background 

  Down syndrome  (DS) is a relatively common genetic disorder caused by the presence of an extra 
chromosome number 21 that usually results from a non-disjunction during meiotic cell division in the 
gametes. Approximately 5,500 children with DS are born in the United States each year, or about 1 in 
every 650–1,000 live births  [  38  ] . DS is characterized by a wide range of phenotypic abnormalities 
including altered head and facial growth, disproportionately short proximal limb growth and organ 
abnormalities (including heart defects in up to 40% of affected children). Children are often hypotonic 
and hyper-re fl exic as infants, though these abnormalities are ameliorated, to some extent, with age. 
Cognitive delays occur commonly and are usually moderate. However, in the United States with the 
growth of early intervention, individual educational programming and mainstreaming, many children 
achieve more developmental accomplishments.  

   Growth Characteristics 

 Postnatal growth retardation is a clearly identi fi ed feature of DS  [  39–  42  ] . Compared to healthy chil-
dren, birth length and weight are slightly reduced ( £ 1 cm in both genders) and a progressive reduction 
in average length is apparent with mean values 2 cm less than normal at 3 months and 3.5 cm less than 
normal by 3 years. There is, however, great variability in growth with some children well within the 
range of normal variation, whereas others are reduced by several SD. These size reductions are mani-
fest in reduced growth velocities (rates), with the average child with DS growing 38 cm in 3 years 
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compared with 46 cm of growth typical for healthy children. Similar reduction in weight and weight 
velocity are apparent during early infancy, re fl ecting reduced FFM accretion during this period. 
Velocity of weight gain is reduced by as much as 22% less than healthy children; however between 
18 and 36 months, weight velocity is comparable. 

 From early childhood until about 11 or 12 years of age for girls and 15 or 16 years of age for boys, 
the difference in height between children with DS and healthy children is similar, re fl ecting relatively 
more normal changes in growth and FFM. However, there is continued slow growth velocity in height 
(between third and twenty- fi fth centiles). Weight velocities for this same period show a more typical 
pattern (between twenty- fi fth and  fi ftieth centiles), again indicating overweight/obesity relative to 
height. After these ages, the distance between growth curves for children with DS and healthy children 
increases. 

 During adolescence, height is reduced by 2–4 SD below the normal mean and by the end of ado-
lescence, by 3.5–4 SD. Peak pubertal growth spurt ranges from about 5–13 cm/year (similar or low 
compared to healthy adolescents), and these spurts occur at ages similar to those of healthy children. 
Final height may be reached earlier than in healthy children (15 years in boys, 14.3 years in girls). 
Boys with DS may have an even more attenuated pubertal growth spurts compared to girls with DS.  

   Direct Measurements of Body Composition 

 As indicated above, overweight/obesity is common in children with DS beginning in late infancy and 
early childhood with prevalence rates ranging from 30 to 36%  [  41–  43  ] . Analyses of weight for height 
and body mass index  [  39,   44  ]  indicates that between 2 and 12 years of age measures of body fatness 
for children with DS are above normal. Values of weight for height are clearly above those for healthy 
children beginning at about the 100 cm interval for height (around 4–6 years of age) and remain above 
the normal mean for all remaining age intervals. 

 Median values for body mass index (weight/height 2 ) are less than those for healthy children from 
about 3 months to 2 years of age. Thereafter, they are greater than normal, usually between seventy-
 fi fth and ninety- fi fth centiles throughout childhood and adolescence. Pseudo-velocities (i.e., growth 
velocities estimated from the difference of average weights at successive ages) for weight are between 
twenty- fi fth and seventy- fi fth centiles for healthy children throughout childhood but increase to nine-
tieth centile during adolescence. Because height velocities during this age interval are often below 
healthy children for adolescents with DS, the percentage of these children who are overweight/obesity 
or the degree of overweight/obesity probably increases during adolescence.   

   Body Composition 

 Few studies directly measuring body composition have been conducted on children with DS. A small 
sample of prepubescent children aged 5–11 years were assessed for body composition, dietary intake, 
and energy expenditure and compared to a control group of healthy children  [  45  ] . Unfortunately, since 
the control group was selected so that their percentage of ideal body weight would be similar to that 
of the DS group, this confounded comparison of body composition between the two groups. Despite 
excellent similarities between the two groups in BMI, percentage body fat, % ideal body weight, and 
FFM, resting energy expenditure was reduced in the children with DS compared to the control group. 
This reduction in resting energy expenditure adjusted for body size and composition may contribute 
to the increase risk for obesity in children and adults with DS. 
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   Clinical Assessment in Children with DS 

 As with children with CP, growth and body composition assessment for children with DS should fol-
low the procedures used in a standard of care pediatric examination. Accurate measurements of 
recumbent length or standing height and weight, head circumference in younger children, and mea-
surement of one (triceps) or more (biceps, subscapular, and suprailiac) skinfold sites where possible 
to determine body fat stores more directly should be taken. These measures should be made accu-
rately  [  29  ]  using standard equipment and plotted on a growth chart  [  30  ] . In addition, height/recum-
bent length and weight should be plotted on growth charts speci fi cally for children with DS  [  43  ] . 
Reference data for weight for height  [  44  ]  or body mass index can also be used to evaluate relative 
body fatness. However these growth charts for US children with DS are not optimal and are outdated. 
Currently, a study is underway to prospectively collect growth measures in a contemporary, multieth-
nic sample of US infants, children, and adolescents with DS to develop growth charts for head cir-
cumference, length/height, weight, and body mass index.       
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      Key Points 

    The treatment of many inborn errors of metabolism is often nutritional, involving alterations in • 
protein, carbohydrate, fat, or energy intake.  
  Dietary manipulations should be undertaken with a physician who is familiar with the disorders • 
and an experienced dietician.  
  The goal should be not only to prevent adverse outcomes but also to assist families and patients to • 
incorporate their special diets into a lifestyle that is as normal and as healthy as possible.     

  Keywords   Inborn errors of metabolism  •  Protein metabolism  •  Fat metabolism  •  Carbohydrate 
metabolism  

      Introduction 

 Inborn errors of metabolism are disorders caused by genetic defects that produce problems in normal 
metabolic processes.  [  1  ]  Although each single gene disease is relatively rare, many more diseases 
have had their genetic basis elucidated because of recent research into the human genome. In a normal 
metabolic pathway, a substrate is converted into a product in a chemical reaction catalyzed by an 
enzyme, sometimes helped by a coenzyme. A genetic mutation producing a defective enzyme or 
cofactor is usually responsible for these diseases. Signs and symptoms of these disorders may appear 
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due to the accumulation in blood or in other tissues of the substrate, to the production of toxic metabo-
lites because of the use of alternative metabolic pathways, or to the lack of the  fi nal product. They 
result from variations in the structure and function of enzymes or other proteins. The aim of treatment 
is to correct the biochemical abnormality and may include the following:

    1.    Restriction of the accumulated substrate.  
    2.    Enhancement of mutant enzyme by supplying larger doses of coenzyme.  
    3.    Provision of alternate pathways for the accumulated substrate.      

   Historical Background 

 The  fi rst inborn error of metabolism to be successfully managed nutritionally was phenylketonuria 
(PKU). In 1953, Bickel et al. documented that restriction of phenylalanine lowered blood concentra-
tions of phenylalanine and prevented the severe manifestations associated with untreated PKU  [  2  ] . 
Since then, the development of diet therapies for other inborn errors has occurred relatively swiftly. 

 A high index of suspicion is needed for the diagnosis of these disorders as their clinical symptoms 
are usually nonspeci fi c. Fortunately, the development of tandem mass spectrometry in the late 1990s 
allowed the neonatal detection of multiple disorders in a single blood spot, so that treatment could be 
initiated before those symptoms occur. 

 Nutritional evaluation involves assessment of growth, nutrient intake, and biochemical parameters. 
Treatment of most metabolic disorders requires the restriction of at least one nutrient or dietary com-
ponent. However, adequate energy intake is essential for both normal growth and the prevention 
of unnecessary catabolism. Most disorders require the use of a specialized semisynthetic formula 
(or medical food) to meet the nutritional requirements. For disorders of protein metabolism, special-
ized nitrogen-free foods (pastas, breads, baked products) are typically needed to provide adequate 
calories.  

      Disorders of Amino Acid Metabolism 

   Hyperphenylalaninemias 

 PKU (OMIM 261600) is caused by a defect in the enzyme phenylalanine hydroxylase (PAH), which 
results in the inability to convert the amino acid phenylalanine (Phe) to tyrosine. Phenylalanine and 
its metabolites accumulate in the blood and other body tissues  [  3  ] . 

 Untreated, PKU eventually progresses to damage to the brain and central nervous system, most 
likely due to competition between elevated phenylalanine and other amino acids for transport into the 
brain, hypomyelination, and impaired development of central nervous system white matter  [  4  ] . 

 PAH de fi ciency can be classi fi ed into the following categories  [  5  ] : 

 Classic PKU: A complete or near-complete de fi ciency of PAH activity is observed. This patients 
tolerate less than 250–350 mg of dietary Phe per day to keep plasma concentration at a safe level of 
no more than 300  m mol/L (5 mg/dL). Blood tyrosine levels may be normal or low 

 Moderate PKU: Patients with a tolerance 350–400 mg of dietary Phe per day. 

 Mild PKU: Tolerance of 400–600 mg of Phe per day. 
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 Mild hyperphenylalaninemia. These patients show plasma Phe concentrations lower than 600  m mol/L 
(10 mg/dL) on a normal diet. 

 Some authors call this group benign hyperphenylalaninemia because there is no need to treat this 
disorder. Phe levels may be a concern for women as they reach their child-bearing years. 

 Rare defects in tetrahydrobiopterin (BH4), the cofactor for PAH, can also cause elevated phenyla-
lanine levels. Metabolism of tyrosine and tryptophan is dependent on this cofactor, so a defect in BH4 
also leads to neurological problems from neurotransmitter de fi ciencies. Treatment involves early 
diagnosis by urine studies, supplementation with a combination of neurotransmitter precursors, BH4 
and folinic acid  [  6  ] , and in some cases a reduced phenylalanine diet.   

   Dietary Management of Hyperphenylalaninemias 

 Restriction of phenylalanine beginning in infancy results in the lowering of phenylalanine levels 
and the prevention of mental retardation. The dietary treatment allows for a prescribed amount of 
phenylalanine, which is an essential amino acid, to allow appropriate growth and development while 
maintaining phenylalanine levels at 2–6 mg/dL  [  7  ] . Tolerance for dietary phenylalanine varies with 
the severity of the enzyme defect, Special medical formulas that contain all the amino acids except 
phenylalanine are required for assuring an adequate protein intake. The medical formulas are supple-
mented with vitamins and minerals. 

 The diet of an infant with PKU consists of a prescribed amount of regular formula or breastmilk 
combined with a PKU formula. The appropriate phenylalanine requirement is determined by the ini-
tial phenylalanine level and subsequent levels once diet is initiated. Breastfeeding is encouraged, but 
must be managed closely to avoid excess phenylalanine ingestion. The practical method of manage-
ment consists of alternating between breastfeedings and special formula feedings. Phenylalanine 
levels are measured once per week, and the diet is adjusted accordingly to keep blood levels in the 
appropriate range. 

 As the child ages, solid foods are introduced. The allowed foods include only those that are natu-
rally low in protein such as vegetables, fruits, and some grain products. Special food products that 
have been modi fi ed to be low in protein are an important source of calories, bulk, and variety. Resources 
are available to help estimate the phenylalanine content of foods  [  8  ] . 

 The diet for PKU was originally discontinued during early childhood around age 5 years. It has 
now been determined that this practice was detrimental to some children’s development. The current 
recommendation is to continue phenylalanine restriction throughout life  [  9,   10  ] . Compliance with the 
low-Phe diet is often poor owing to restriction in natural foods and the requirement for consumption 
of a phenylalanine-free formula. 

 Glycomacropeptide (GMP), a natural whey protein produced during cheese production, is uniquely 
suited to a low-Phe diet because it contains minimal Phe (2.5–5 mg Phe/g protein) and high levels of 
large neutral aminoacids (LNAAs). In a recent study in 11 PKU patients it has been shown to be a safe 
and highly acceptable alternative to synthetic AAs. As an intact protein source, GMP improves pro-
tein retention and phenylalanine utilization compared with AAs  [  11  ] . 

 LNAAs include tyrosine, tryptophan, threonine, methionine, valine, isoleucine, leucine, and histi-
dine. Phe and LNAAs share the same transport system to enter the brain, so high LNAA concentra-
tions may block the transport of Phe to the brain and then reduce brain Phe concentrations. They 
also share the same transport system to enter the blood system across the gut. Possible LNAA treat-
ment targets include reduction of blood and brain Phe concentrations, augmentation of cerebral 
neurotransmitter synthesis, and/or elevation of brain non-Phe LNAA concentrations  [  12  ] . There is no 
adequate preparation for use in infants and young children. Its use can be considered in conjunction 
with moderate protein restriction in patients who have a lot of dif fi culty taking their medical food/
formula. 
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 Many individuals with primary PAH de fi ciency are responsive to BH4 (5–20 mg/kg daily in divided 
oral doses). The majority of individuals with mild or moderate PKU may be responsive to BH4 while 
up to 10% of individuals with classic PKU can show a response. BH4 enhances in vivo phenylalanine 
hydroxylation and lowers plasma phenylalanine concentration so patients can increase their intact 
protein intake. An orally active formulation of BH  [  4  ]  (sapropterin dihydrochloride; Kuvan) is now 
commercially available. Clinical studies suggest that treatment with sapropterin provides better Phe 
control and increases dietary Phe tolerance, allowing signi fi cant relaxation, or even discontinuation, 
of dietary Phe restriction. Firstly, patients who may respond to this treatment need to be identi fi ed 
 [  13  ] . 

   Tyrosinemia Type I 

 Tyrosine is a nonessential aromatic amino acid. It can be obtained from food, but it is also obtained 
from phenylalanine and from protein catabolism. Among other important functions, it is used in the 
synthesis of catecholamines, thyroid hormones, and melanin. 

 De fi ciencies in the activity of tyrosine aminotransferase, the  fi rst enzyme in the catabolic pathway 
of tyrosine, result in tyrosinemia type II (OMIM 276600), an autosomal recessive disorder also known 
as Richner–Hanhart’s syndrome. 

 At the end of the catabolic pathway, fumarylacetoacetic acid is metabolized to fumaric acid and 
acetoacetic acid by fumarylacetoacetate hydrolase. De fi ciencies in this enzyme result in tyrosinemia 
type I (OMIM 276700), also inherited in an autosomal recessive manner. 

 Clinical symptoms in the early stages of the disease include vomiting, diarrhea, failure to thrive, 
and abdominal distension. Complications that may develop include hepatomegaly, splenomegaly, 
ascites, edema, and hemorrhagic tendencies. 

 The pathogenesis of tyrosinemia type I is complex and involves the following: depletion of gluta-
thione, accumulation of succinylacetone, inhibition of certain enzymes (including one in the porphy-
rin pathway), eventual hepato-cellular degeneration, nodular cirrhosis, or hepatoma. Elevated serum 
alpha-fetoprotein is a marker of the hepatic complications. Renal complications include tubular reab-
sorption impairment and Fanconi’s syndrome  [  14  ] . 

 The use of the drug NTBC 2-(2-nitro-4-tri fl uoromethylbenzoyl)-1,3-cyclohexanedione inhibits the 
enzyme pHPPD (hydroxyphenylpyruvic acid dioxygenase), and prevents synthesis of fumarylace-
toacetate and succinylacetone. Clinically, NTBC has been shown to prevent acute porphyric episodes, 
decrease the rate of progression of liver cirrhosis and Fanconi’s syndrome and the need for liver trans-
plantation  [  15  ] . On the other hand, its effects do not eliminate the risk for hepatocarcinoma present in 
these patients. 

 Liver transplantation has successfully improved the outcome for persons with tyrosinemia type I. 
Although long-term data on patients with liver transplants are not yet available, transplants seem to 
cure liver manifestations and prevent the development of hepatomas and further neurological crises.   

   Dietary Management of Tyrosinemia Type I 

 The goal of dietary management is to provide a diet restricted in both phenylalanine and tyrosine  [  16  ] . 
Adequate protein is provided through special formulas (medical foods) that do not contain phenylala-
nine, tyrosine, or methionine. Total phenylalanine and tyrosine should be restricted adequately so that 
blood tyrosine levels are between 30 and 100 mmol/L. For patients on NTBC therapy, nutrition man-
agement should maintain plasma tyrosine levels approximately <500 mmol/L. 

 When the diagnosis is made, all tyrosine and phenylalanine should be eliminated from the diet for 
up to 48 h. Specialized amino acid formulas are used to provide tyrosine and phenylalanine-free 
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protein, calories, vitamins, and minerals. Tyrosine and phenylalanine, from either breastmilk or regu-
lar infant formula, are gradually introduced. An adequate energy intake should be achieved in order 
to prevent catabolism and succinylacetone overproduction  [  17  ] . 

   Tyrosinemia Type II 

 Tyrosinemia type II (also known as oculocutaneous tyrosinemia), tyrosine amino transferase de fi ciency, 
and Richner–Hanhart syndrome  [  18  ]  are characterized by greatly elevated concentrations of blood 
and urine tyrosine and by increases in urinary phenolic acids,  N -acetyltyrosine, and tyramine. Features 
of disease include eye, skin, and neurological signs. 

 Eye features include hyperlacrimation, photophobia, redness, and pain. Painful hyperkeratotic 
plaques occur on the soles of the feet and palms of the hands. Neurological abnormalities include 
mental retardation and, rarely, seizures. Dietary control may help improve the skin and eye lesions.   

   Dietary Management of Tyrosinemia Type II 

 The goals of dietary management are similar to type I tyrosinemia. Methionine restriction is not nec-
essary. Special medical foods are available to provide adequate protein, vitamins, and minerals. 

 Phenylalanine and tyrosine are restricted so that tyrosine levels are maintained at approximately 
~20 mg/dL  [  19  ] . Because this diagnosis is usually made later in life, instituting the diet may be 
dif fi cult in a person who already has de fi ned food likes and dislikes. 

   Homocystinuria 

 Elevated homocysteine may be caused by several different defects involving methionine metabolism. 
The most common inborn error in methionine metabolism is the de fi ciency of cystathionine b-synthase 
(OMIM 236200), a vitamin B6-dependent enzyme which converts homocysteine to cystathionine. 
Both homocysteine and methionine are elevated. Homocysteine may also be re-methylated back to 
methionine. The primary mode of re-methylation occurs through the transfer of a methyl group from 
N5-methyltetrahydrofolate to homocysteine. Cofactors for this reaction are B12 and folate dependent; 
abnormalities in the cofactors result in elevated homocysteine with normal methionine levels. Another 
re-methylation pathway uses betaine, which is derived from choline, as the methyl donor. 

 Patients with the classic form of homocystinuria who are untreated or poorly controlled develop 
clinical manifestations over time. These include dislocation of the ocular lens (ectopia lentis), skeletal 
malformations with Marfanoid features, mental retardation, and vascular complications involving 
atherosclerosis with a predisposition to thromboembolic events.   

   Dietary Management of Homocystinuria 

 About half of these de fi ciencies are responsive to vitamin B6. If reductions on plasma homocysteine 
and/or methionine levels 24 h after the administration of oral B6 doses (starting in 100 mg/dose, then 
next day 200 mg if no response until a maximum dose of 300 mg in infants or 500 mg in children) are 
greater than 30% from baseline levels, the patient is considered B6 responsive  [  20  ] . 

 For patients who do not respond to B6 supplementation, a methionine-restricted diet is recommended, 
with a supplementation of cystine. Folic acid, vitamin B12, and betaine are usually used as coadjuvants. 
Dietary methionine should be restricted to levels that maintain adequate growth. Restriction may be 
achieved by either limiting methionine or limiting protein and supplementing with a methionine-free 
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metabolic formula. Cystine becomes a conditionally essential nutrient because its synthesis is 
impaired. Recommended intakes in infants in the  fi rst 3 months of life range from 15 to 60 mg/kg and 
from 85 to 150 mg/kg for methionine and cystine respectively  [  21  ] . 

 Treatment that is started during infancy usually prevents the development of mental retardation 
and skeletal abnormalities. However, dislocation of the ocular lens is usually detected regardless of 
treatment, occurring by the fourth decade in nearly all treated patients  [  22  ] . Lifelong treatment is 
recommended to minimize the development of vascular complications. 

   Maple Syrup Urine Disease 

 Maple syrup urine disease (MSUD; branched-chain ketoaciduria, OMIM 24860) is an autosomal 
recessive disorder caused by a de fi ciency of the enzyme complex branched-chain alpha-ketoacid dehy-
drogenase. The enzyme is common to the degradative pathways of the branched-chain amino acids 
(BCAA)—leucine, valine, and isoleucine. Thiamine is the coenzyme. The block results in increased 
levels of the amino acids and their keto-derivatives in blood, urine, and cerebrospinal  fl uid. The accu-
mulation and presence of alloisoleucine, the stereoisomer of isoleucine, is diagnostic of MSUD. 

 MSUD patients can be divided into  fi ve types based on their presentation and their response to thia-
mine. The  fi ve phenotypes are classic, intermediate, intermittent, thiamine-responsive, and dihydroli-
poyl dehydrogenase (E3) de fi cient. Dihydrolipoyl dehydrogenase (E3) de fi ciency is extremely rare 
and mimics the clinical phenotype of intermittent MSUD with the additional feature of severe lactic 
acidosis. Attempts at treatment with protein restriction and vitamins (thiamine, biotin, and lipoic acid) 
have not yet been successful  [  23  ] . 

 High levels of leucine and its ketoacid, alpha-ketoisocaproic acid, appear to be the neurotoxic 
agents in the disorder. Leucine levels tend to be more greatly elevated than the others and respond to 
dietary restriction more slowly because leucine is the predominant BCAA in most animal and plant 
proteins  [  24  ] . 

 Classic MSUD is the most frequent form of presentation, accounting for approximately 80% of the 
cases. It usually presents in the  fi rst week of life with symptoms including feeding dif fi culties, leth-
argy, metabolic acidosis, and the distinctive maple syrup odor in the urine, sweat, and earwax. 
Neurological impairment may progress to seizures, apnea, and death within 10 days of life  [  25  ] . 

 The intermediate and intermittent forms have an increased amount of functional enzyme. Patients 
with intermediate MSUD may have failure to thrive and developmental delay. Alloisoleucine, BCAA, 
and branched-chain keto acids (BCKA) are persistently elevated, but acidosis is uncommon. Patients 
with intermittent MSUD have normal BCAAs but become susceptible to elevated levels during peri-
ods of illness or stress. The features of thiamine-responsive MSUD are similar to the intermediate 
form. Pharmacological doses of thiamine (100–150 mg/day) along with a protein-restricted diet result 
in lowered amounts of BCAA and BCKA  [  26  ] .   

   Dietary Management of Maple Syrup Urine Disease 

 Treatment involves both long-term dietary management and aggressive therapy during acute meta-
bolic decomposition. Early diagnosis and initiation of a BCAA-free diet before the age of 10–14 days 
is essential to reduce the risk of permanent neurological damage or death. 

 The goal of acute therapy is to correct the acidosis and normalize the amino acid concentrations. 
Initial measures may include peritoneal dialysis, renal dialysis, or parenteral nutrition  [  27  ] . When the 
clinical status has stabilized, oral feedings using special formulas without BCAA are given. 

 Long-term dietary therapy requires the restriction of leucine, isoleucine, and valine so that only 
the amount necessary for normal growth and development is provided. Blood levels of amino acids 
(especially leucine) must be monitored. Because the leucine concentration of natural protein is greater 
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than isoleucine or valine concentrations, supplements of these two amino acids may be needed to 
maintain normal serum levels. Special BCAA-free formulas are required to ful fi ll the total protein 
requirements. 

   Organic Acidemias: Propionic Acidemia and Methylmalonic Acidemia 

 Propionic acidemia (PPA, OMIM 606054) and methylmalonic acidemia (MMA, OMIM 25100) are 
autosomal recessively inherited disorders and share similar metabolic pathways, clinical features, and 
treatment. Both disorders are due to defects in methionine, threonine, valine, isoleucine, odd-chain 
fatty acid, and eventually propionate metabolism. The metabolic defect occurs in the enzyme propionyl-
CoA carboxylase or methylmalonyl-CoA mutase. Methylmalonyl-CoA mutase is vitamin B12 
dependent, therefore poor activity may also be caused by defects in the formation of the B12 cofactor. 
Metabolic acidosis with hyperammonemia and ketonuria are features of episodic decompensation, 
usually precipitated by excessive protein intake, constipation, or infection. 

 They usually appear in the neonatal period as an “intoxication type” disease, with vomiting, lethargy, 
metabolic acidosis with increased anion gap, and coma. Untreated patients will often die or suffer 
from severe neurologic sequelae. 

 Hyperammonemia is a result of the abnormal organic acid, propionate (propionyl-CoA) or meth-
ylmalonate (methylmalonyl-CoA), which interfere with the urea cycle by inhibiting formation of 
 N -acetylglutamate, the cofactor for carbamoyl phosphate synthetase, early in the urea cycle  [  28  ] . 
Hyperglycinemia is common and may be due to prolonged intake of excess protein or inhibited glycine 
cleavage due to isoleucine metabolites  [  29  ] . 

 The exact mechanism of increased glycine is unknown. The organic acids identi fi ed in the urine 
include methylcitrate and 3-hydroxypropionate for PPA and methylmalonic acid for MMA.   

   Dietary Management 

 The goals of dietary therapy can be divided into acute episode management and long-term manage-
ment. During the acute phase, the goals are to maintain biochemical balance by aggressively treating 
the ketoacidosis. Large amounts of  fl uid and protein-free calories (up to 50% above normal intake) are 
given either internally if tolerated or intravenously. Sodium bicarbonate may also be required to treat 
the acidosis. 

 Long-term management aims to prevent ketoacidosis and reduce accumulation of the metabolites. 
Protein intake from natural sources should be restricted to approximately 50% of the recommended 
amount for age. However, natural protein tolerance is highly individual and requires frequent monitor-
ing of urine organic acids and ketones, as well as of blood amino acids and ammonia. Amino acid 
supplementation, in the form of both a metabolic formula and individual amino acids, is usually 
required. 

 Odd-chain fatty acid metabolism is also impaired in both disorders. Dietary sources of these fatty 
acids as butter or cream should be avoided in these patients. Fasting should also be avoided because 
of induction of catabolism and endogenous odd-chain fatty acid production  [  30  ] . 

 Nutritional management may be complicated by food refusal, apparent lack of appetite, and 
 frequent vomiting. Aggressive nutrition support (i.e., feeding tube) should be considered if an 
adequate nutrient intake cannot be achieved with oral feedings. 

 Some cases of MMA respond to therapeutic doses of vitamin B12, which is a component of a 
coenzyme required for the conversion of methylmalonyl-CoA to succinyl-CoA. Carnitine supplemen-
tation is also recommended.  
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   Urea Cycle Defects 

 In the urea cycle,  fi ve enzymes (carbamoyl phosphate synthase, ornithine transcarbamylase, arginino-
succinate synthetase, argininosuccinate lyase, and arginase) and a producer of an allosteric activator 
( N -acetyl glutamate synthetase) are involved This metabolic pathway is responsible for converting 
ammonia to urea. If a de fi ciency occurs in anyone of the enzymes, ammonia accumulates in the blood 
and all the cells of the body. All of the six enzymes mentioned has a known defect. Ornithine transcar-
bamylase de fi ciency is inherited as an X-linked disease, but the rest are AR. 

 Neonatal screening is not available for all the enzyme defects involved in the urea cycle. Clinical 
signs and symptoms may appear anytime from the neonatal period to adulthood depending on the 
defective enzyme and the severity of the de fi cit. The clinical signs include poor feeding, vomiting, 
lethargy, hypotonia, stupor and bleeding diatheses, convulsions, coma, shock, and death. Infection 
or increased protein intake often precede development of clinical features. Infants who survive the 
adverse effects of elevated ammonia are often mentally retarded. However, successful control of the 
metabolic crisis and prevention of the prolonged hyperammonemia may prevent the adverse out-
come during the neonatal period  [  31  ] . Besides the neonatal period, there are other ages when symp-
toms are likely to occur. These include later in infancy when high-protein formula or milk is 
introduced, during infection and during puberty (possibly caused by lowered compliance to diet or 
medication)  [  32  ] . 

 Plasma ammonia levels in the healthy infant are usually less than 50 mmol/L. Generally a plasma 
ammonia concentration over 150 mmol/L is observed in these disorders in the acutely ill patient.  

   Dietary Management of Urea Cycle Disorders 

 The goal of dietary management is control of blood ammonia levels with a maintenance of adequate 
plasma concentrations of amino acids. This is accomplished with a combination of protein restriction, 
supplementation with individual amino acids (arginine and citrulline), and use of medication (sodium 
benzoate or phenylbutyrate) to help decrease accumulated nitrogenous metabolites by providing alter-
nate pathways for nitrogen excretion  [  33  ] . 

 Typical diets will consist of 1–1.5 g protein/kg/day during the  fi rst few years of life. Intact protein 
from proprietary formula in infants and from sources like fruits, vegetables, and grains in older chil-
dren may represent up to 50% of the daily protein intake. The use of an essential amino acid modi fi ed 
formula may be bene fi cial for maintaining adequate plasma amino acid levels while on a protein-
restricted diet  [  34  ] . Energy intake should be enough to prevent catabolism without promoting exces-
sive weight gain and obesity. 

 Speci fi c instructions should be given to the caregivers in the case of acute illness or physical 
trauma. If patient develops hyperammonemia, treatment is urgent, and a complete protein restriction 
should be started. A high energy nutritional support should also be given, either orally or I.V. 48–72 h 
after starting the therapy, protein should be reintroduced in the diet in order to prevent protein catabo-
lism. Sodium benzoate and phenylbutyrate are also used to help as nitrogen scavengers. Arginine 
supplementation is also needed to enhance nitrogen excretion. If hyperammonemia cannot be con-
trolled, dialysis should be started.  

   Fatty Acid Oxidation Defects 

 Fatty acid oxidation defects are inborn errors of fat metabolism. There are currently at least 22 known 
defects. Common features include acute metabolic decompensation associated with fasting, hypoketotic 
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hypoglycemia, involvement of cardiac or skeletal muscle, and alterations of plasma or tissue carnitine. 
The disorders may be divided into categories of transport defects and disorders of the beta-oxidation 
pathway. 

 Transport defects include carnitine uptake de fi ciency, carnitine palmitoyl transferase de fi ciency 
(CPT I), CPT II, and translocase de fi ciency (Trans). These enzymes are involved with transporting 
fatty acids from the cytoplasm into the mitochondria. 

 Disorders of beta-oxidation include long-chain acyl-CoA dehydrogenase, medium-chain acyl-CoA 
dehydrogenase (MCAD), short-chain acyl-CoA dehydrogenase, long-chain 3-hydroxyacyl-CoA dehy-
drogenase, and short-chain 3-hydroxyacyl-CoA dehydrogenase. MCAD de fi ciency is the most com-
mon disorder of fatty acid oxidation and has been associated with sudden infant death syndrome  [  35  ] . 

 Neonatal screening with tandem mass spectroscopy can detect these disorders based on their 
speci fi c blood acylcarnitine pro fi le. Neonatal detection of this illnesses is crucial. If untreated, up to 
one-third of the initial episodes observed could be fatal. 

 The primary treatment for all the disorders is to avoid prolonged fasting. In general, recent guidelines 
recommend the following approach: infants up to 4 months of age should not fast for more than 4 h. Until 
the  fi rst year of age, an additional hour of fasting can be added for each month. After that age, fasting for 
more than 12 h should be avoided  [  36  ] . Uncooked cornstarch (UCS) has been used to help delay the onset 
of fasting. The prescribed dose (usually 1.5–2 g/kg body weight) may be added to formula at night. 

 Blood glucose concentrations are a poor indicator of metabolic status in these patients. In a study 
performed in the Netherlands in 6 of 35 patients who underwent a fasting test, clinical symptoms 
appeared before hypoglycemia developed  [  37  ] . 

 Because fatty acids become available when fat stores are mobilized or when dietary fat is con-
sumed, dietary fat restriction may be bene fi cial. Long-chain fats are often limited to 10–20% of total 
calories. Linoleic and linolenic acid should provide 3 and 0.5% respectively of total daily calories 
 [  38  ] . Medium-chain triglyceride oil may be a useful adjunct calorie source in defects involving long-
chain fatty acids. Care should be taken to avoid excess calorie intake, which would lead to storage as 
long-chain fats in the adipose tissue.  

   Disorders of Carbohydrate Metabolism 

   Galactosemia 

 Galactosemia (OMIM 230400) may be caused by a defect in one of three different enzymes necessary 
for galactose metabolism. A de fi ciency of galactose-I-phosphate uridyl transferase activity results in 
the most common form of galactosemia. 

 Galactose, galactitol, and galactose-1-phosphate accumulate in blood and tissues. Early features of 
untreated galactosemia appear in infancy and include hypoglycemia, jaundice, failure to thrive, vom-
iting, and  Escherichia coli  sepsis. The symptoms appear after an infant has begun consuming milk 
sugar from formula or breast milk. Without treatment, death from  E. coli  sepsis of meningitis occurs 
within the  fi rst 1–2 weeks of life  [  39  ] . If the infant survives, long-term features of the disease include 
mental retardation, liver cirrhosis, and cataracts. 

 Early detection and elimination of galactose from the diet can prevent death and reduce the risk 
of cataracts. Many states include galactosemia in their newborn screening programs. However, 
dietary treatment does not seem to guarantee a normal clinical outcome. Neurological impairment and 
suboptimal intellectual development has been reported  [  40  ] . Most females have ovarian failure  [  41  ] . 
The reason for these poor outcomes has not been de fi nitively determined. Theories include fetal dam-
age in utero or before intervention, endogeneous production of galactose  [  42  ] , or inadequate or excess 
galactose intake.   
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   Dietary Management of Galactosemia 

 A galactose-restricted diet should begin as soon as the infant is diagnosed. Soy formula should replace 
cow’s-milk based formulas or human milk. It should be noted that starch components of soy in soy 
formula naturally contain some galactose. However, the enzyme a-galactosidase, required to release 
the galactose from the soy, is not found in humans. Generally, milk-free foods form the base of the 
diet. Hidden sources of lactose must also be avoided. This is accomplished by reading labels and 
avoiding ingredients such as whey, casein, nonfat dry milk, milk solids, lactose, hydrolysed protein, 
lactoglobulin, lactalbumin, caseinate, and soy  fl our. Organ meats must be avoided because they are a 
storage site for galactose. 

 Given the poor outcome even among those patients that are compliant with the traditional diet, it has 
been suggested that additional sources of galactose, more recently discovered, may be resulting in a 
chronic galactose intake. These foods include several fruits, vegetables, legumes, nuts, and cereals  [  43  ] . 

 The effect of dietary restriction can be monitored by measuring the postprandial erythrocyte GAL-
1-P concentration or  fi lter paper whole blood samples. A well-treated patient should maintain levels 
   <3.0 mg/dL  [  44  ] .  

   Glycogen Storage Disease 

 At least 12 different types of glycogen storage diseases (GSD) have been identi fi ed. Abnormalities of 
the biochemical pathways involved in glycogenolysis and glycogen synthesis result in deposition of 
excess glycogen, abnormal structure of the compound, or both. The liver and muscle are the major 
sites of glycogen deposition. Common signs and symptoms include hypoglycemia, hepatomegaly, 
muscle weakness, and cramping and fatigue. This section focuses on the type of GSD that respond to 
nutritional therapy.  

   GSD Ia (von Gierke’s Disease) 

 GSD la results from a de fi ciency of glucose-6-phosphatase, the last enzyme in the pathways involved 
in the production of glucose from either gluconeogenesis or glycogenolysis. GSD lb, a clinical variant 
of la, results from a defect in the glucose-6-phosphate transport protein and responds to the same 
nutritional intervention as does Ia. Biochemical abnormalities seen in GSD I include lactic acidemia, 
hypoglycemia, hyperlipidemia, and hyperuricemia.  

   Dietary Management for GSD Ia 

 Because endogenous glucose production is limited, a constant source of exogenous glucose is neces-
sary to maintain a normal plasma glucose concentration and prevent hypoglycemia. Historically, 
treatment for hypoglycemia included portacaval shunts and total parenteral nutrition  [  45  ]  or continuous 
enteral tube feedings  [  46,   47  ] . 

 More recently, UCS  [  48,   49  ]  has been widely used to provide a source of continuous glucose. UCS 
is effective in maintaining normoglycemia and improving metabolic abnormalities  [  50  ]  and growth 
retardation  [  51  ] . Side effects may include diarrhea and  fl atulence until acclimated to the cornstarch 
and excessive weight gain  [  48  ] . Continuous nocturnal tube feedings of glucose and intermittent doses 
of UCS are the two dietary manipulations most commonly used to manage GSD I. 
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 Pancreatic amylase activity is insuf fi cient in infants younger than 12 months. UCS could be safely 
started beyond that age point. Anyway, UCS can be started before cautiously, at a starting dose of 
0.25 g/kg. This dose is increased gradually in order to prevent side effects as bowel distention, loose 
stools, and  fl atulence. Doses are given at 3–5 h intervals during the day and 4–5 h intervals at night  [  52  ] . 
As the child grows, UCS is given at longer periods reaching a 6 h interval and a 1.5–2 g/kg in adoles-
cents  [  53  ] . The dose and schedule may be adjusted according to blood glucose monitoring results. 

 UCS can be mixed with water at a starch/water ratio of 1:2, and glucose or sucrose addition to the 
mixture is contraindicated, to avoid insulin release. Mixing the UCS with milk or yogurt is also pos-
sible without affecting the glycemic control. 

 Infants should be fed every 2–4 h with a glucose-containing formula. Tube feedings of the same 
formula are often necessary, later in infancy, to ensure normoglycemia, particularly at night  [  54,   55  ] . 
Alternatively, nocturnal nasogastric or gastrostomy feedings may be used to provide adequate glucose 
during an overnight fast combined with frequent daytime oral feedings  [  47,   56  ] . The formula should 
contain the minimum dose of glucose necessary to maintain blood glucose levels. Although proven 
effective, tube feedings also pose signi fi cant risk of hypoglycemia in the case of pump malfunction or 
other case of interrupted feeding  [  57  ] . Patients should eat immediately after the overnight feeding has 
been discontinued. 

 The diet usually contains 60–70% of calories as carbohydrate (the majority of which is complex), 
20% as fat, and the remainder as protein. Because patients are unable to metabolize either galactose 
or fructose the diet should be limited in dairy products, fruits, and simple carbohydrates. However 
universal agreement on the degree of limitation has not been reached  [  58  ] . Dietary restrictions are 
likely to necessitate the use of multivitamins and calcium supplements.  

   Dietary Management for GSD IV 

 Liver transplant is the only present effective treatment. Dietary therapy is indicated to prevent hypo-
glycemia and to improve growth and muscle strength prior to transplant  [  59  ] . 

 GSD III (Debrancher de fi ciency; Limit dextrinosis; Cori or Forbes disease). 
 Patients with GSD III are able to degrade glycogen only partially due to a de fi ciency of amylo-1,6-

glucosidase enzyme activity. This enzymatic de fi ciency results in the accumulation of abnormal gly-
cogen in the liver. Unlike GSD I, these patients are able to synthesize glucose via gluconeogenesis. 
The clinical characteristics are similar to GSD I with distinguishing features including fasting ketosis, 
less signi fi cant hypoglycemia and hyperlipidemia and absence of lactic acidemia and hyperuricemia.  

   Dietary Management for GSD III 

 Dietary treatment is less demanding than in GSD type Ia  [  60  ] . Sucrose, fructose, and lactose are not 
restricted. Frequent daytime meals and snacks are recommended to maintain normoglycemia. As in 
GSD I, either UCS  [  61  ]  or nocturnal tube feedings  [  62  ]  is recommended to prevent hypoglycemia 
during the night. 

 A high-protein diet to provide increased substrate for gluconeogenesis has been advocated to help 
reverse myopathy and prevent growth retardation. A diet consisting of 20–25% protein with approxi-
mately one-quarter to one-third given as a high-protein nocturnal tube feeding reversed myopathy in 
GSD III patients with severe muscle wasting disease  [  63  ] . 

 No nutritional therapies are either known or indicated for GSD types II, V, VII, or X  [  64  ] .   
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   Discussion 

 The treatment of many inborn errors of metabolism is often nutritional, involving alterations in pro-
tein, carbohydrate, fat, or energy intake. Dietary manipulations should be undertaken with a physician 
who is familiar with the disorders and an experienced dietician. The goal should be not only to prevent 
adverse outcomes but also to assist families and patients to incorporate their special diets into a life-
style that is as normal and as healthy as possible.      
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      Key Points 

    The ketogenic diet is an accepted treatment option in infants and young children with intractable • 
epilepsy when antiepileptic drugs (AEDs) fail.  
  The ketogenic diet is safe and effective in children with intractable epilepsy.  • 
  Newly developed ketogenic diet formulas and special ketogenic calculating programs make a • 
ketogenic diet easier to apply in daily practice even for infants and young children. It is possible to 
create age-appropriate schedules based on an individual’s developmental stage or situation.     

  Keywords   Infants  •  Infantile spasms  •  West syndrome  •  Refractory epilepsy  •  Catastrophic epileptic 
syndromes  •  Child  •  Treatment  •  Ketogenic diet  •  Pharmacologic treatment  •  Nonpharmacologic 
treatment  

   Introduction 

 A special diet for those suffering from epilepsy such as the ketogenic diet (KD) is a successful alterna-
tive treatment option in young children when treatment with different combinations of anti epileptic 
drugs (AEDs) fails. 

 Catastrophic epilepsy syndromes of early childhood, such as West and Ohtahara syndrome, are 
very dif fi cult to treat (Table  3.1 ); they are associated with signi fi cant morbidity and mortality. Despite 
aggressive and early treatment, the outcome of these syndromes remains poor.  

 Infantile spasms (ISs) in neonates (Ohtahara syndrome) or infants (West syndrome) are one of the 
epilepsy syndromes seen in very young children with heterogeneous underlying causes (Table  3.2 ).  

    Chapter 3   
 Ketogenic Diet as Treatment Option for Infants 
with Intractable Epileptic Syndromes       

      Elles   J.  T.  M.   van der   Louw,       Coriene   E. Catsman-Berrevoets,       Dorine   A.  M.   van den   Hurk,    
and    Joanne   F.   Olieman       
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 Accurate diagnosis and timely successful treatment can alter the disease course, especially in 
regard to the developmental delay and mental retardation that are hallmarks of this syndrome. Initial 
pharmacological treatment of ISs with AEDs often progresses to multiple drug regimes. A combina-
tion of drug and nonpharmacologic therapy or nonpharmacologic monotherapy is often used 
(Table  3.3 )  [  1  ] .  

 Commonly used treatment protocols in IS are based primarily on outcomes of studies on the 
ef fi cacy and safety of pharmacological treatment with vigabatrine and corticosteroids (prednisolone 
or tetracosactide). 

 Studies on the ef fi cacy and safety of nonpharmacologic treatment options in IS are scarce. In par-
ticular, prospective study designs are lacking. Despite this lack of evidence, an increasing number of 
studies are being conducted in an effort to obtain a favorable outcome. 

 Recent treatment protocols of IS also de fi ne nonpharmacologic treatment options when AEDs fail, 
but detailed information about the effects in infants is still lacking. 

 In this chapter we review the literature on the present status of the KD as a nonpharmacologic treat-
ment option in IS. 

 The aim of this chapter is to show how a KD can be applied in infants with IS.  

   Table 3.1    Epilepsy syndromes and incidence in children <12 months  [  9,   16,   26  ]    

 Epileptic syndrome  Incidence  Age of onset  Treatment options 

 Ohtahara  1:2,000  10 days–1 month  ACTH 
 West syndrome  1: 2,000  3–10 months  ACTH 

 Vigabatrin 
 Valproicacid corticosteroids  Symptomatic 
 Ketogenic diet 
 Epileptic surgery  Crytptogenic 

 Ideopathic 

   ACTH  adeno corticotropic hormone  

   Table 3.2    Common causes of infantile spasms  [  9  ]    

 In alphabetic order 

 Aicardi syndrome 
 Cytomegalovirus (CMV) infection 
 Down syndrome (trisomy 21) 
 Hemimegalencephaly 
 Hypoxic-ischemic encephalopathy 
 Incontinentia pigment 
 Intercranial hemorrhage 
 Lissencephaly 
 Sturge—Weber syndrome 
 Tuberous sclerosis complex (TSC) 

   Table 3.3    Treatment options of intractable epilepsy in children  [  1,   9,   26–  28  ]    

 Pharmacologic  Nonpharmacologic 

 Antiepileptic drugs  Ketogenic diet 
 Monotherapy 
 Cocktail multiple AED 

 Pyridoxine (B6)  Vagus nerve stimulation 
 Epileptic surgery 
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   Background of the Ketogenic Diet in the Treatment of Epilepsy 

 In 1921 Dr.    Rawle Geyelin in the USA discovered that the biochemical state of fasting caused a 
decrease in the occurrence of seizures. The production of ketone bodies was believed to be responsi-
ble for this and to be provoked by diets very high in fat, a KD  [  2  ] . Since that time the KD has become 
an important and successful treatment in intractable epilepsy. However, the popularity of the KD in 
medical use varied over the years. 

 When new AEDs were discovered, the KD became a “last resort” and was only used in cases where 
the epilepsy did not respond to drugs. The KD was found by children and their parents to be very rigid 
and dif fi cult to apply due to the way in which it differ signi fi cantly from normal eating patterns 
(Table  3.4 ).  

 Only a few clinics kept using the KD on a regular basis. The John Hopkins University Hospital in 
Baltimore, MD, was one of those clinics that played an important role in the establishment of the KD. 
The Hopkins ketogenic diet protocol became well known and widely used for KD initiation  [  3  ] . 

 In general there are two main versions of the KD : the classic version and the medium-chain-trig-
lyceride (MCT) version. Differences in diet composition are shown in Table  3.5 .  

 The classic version contains mainly long-chain triglycerides (LCTs). LCTs reach the liver in a 
roundabout way because they are  fi rst absorbed in the lymph system. This system requires carnitine 
for the transport of LCTs into the mitochondria, where  b  (beta) oxidation and ketone body synthesis 
take place. 

 In the case of the classic version of the KD, a certain ketogenic ratio (3:1, 4:1) is required to ensure 
an adequate production of ketone bodies. 

 General practice shows that special KD formulas (Ketocal ®  4:1 or 3:1), based on the classic version 
of the KD, are well tolerated by infants. 

 The other version, a more liberal variant of the KD, is based on the use of MCTs. The mechanism 
on which the production of ketones in the use of MCTs is based involves a combination of rapid trans-
port directly via the bloodstream and portal vein to the liver, after which MCTs are immediately 
metabolized by means of rapid absorption by the liver. This system does not require carnitine for MCT 

   Table 3.4    Diet composition  [  7,   8  ]    

 Subject  Normal diet  Ketogenic diet 

 Kcal  RDA a   RDA a  
 Fat (energy %)  30–35  70–90 
 Carbohydrate (energy %)  55–60  5–19 
 Protein (energy %)  5–10  5–11 
 Fluid  RDA  RDA 
 Supplements  No  Yes 
 Ketone bodies  No  Yes 

   a Recommended daily allowance  

   Table 3.5    Diet composition of ketogenic diets  [  7,   8  ]    

 Subject  Classical ketogenic diet  MCT version ketogenic diet  MCT/LCT combination version 

 Kcal  RDA  RDA  RDA 
 Fat (energy %) 
 Total  90  71  75 
 LCT  90  11  25 
 MCT  –  60  50 
 Ratio a   4:1, 3:1  –  – 
 Carbohydrate (energy %)  5  19  15 
 Protein (energy %)  5  10  10 

   a Ratio = grams total fat: grams of protein and carbohydrate. (4:1 = 4 g fat vs. 1 g carbohydrate + protein)  
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transport to the mitochondria. This increased ketogenic potential of MCTs means that less fat needs to 
be incorporated into the diet to ensure an adequate level of ketosis. In general practice, this means that 
more carbohydrates can be used, and this makes the diet more palatable and fosters compliance. 

 In practice, a third version of the diet exists: an MCT/LCT combined version with an adapted 
amount of MCT. This version was developed because some children, primarily the youngest, cannot 
easily tolerate the large quantity of MCT in the MCT version of the KD. Gastrointestinal complaints 
like diarrhea and abdominal discomfort are frequently seen in the very young when large amounts of 
MCT are used. 

 A Cochrane Review on KD for epilepsy in 2003  [  4  ]  showed no level-one evidence that supported 
the ef fi cacy of the KD in epilepsy. Despite this fact, most retrospective data of the 20 studies and 956 
patients strongly suggested that the KD could indeed be an important treatment option for epilepsy 
when multiple drugs failed. 

 An updated Cochrane Review on ketogenic diet for epilepsy in 2012 [ 5  ]  included data form 4 
randomized controlled trials. These studies recruited 289 children and adolescents. Although meta-
analysis could not be done due to the heterogenity of the studies, the authors suggest that in children 

the KD results in short to medium term bene fi ts in seizure control. 
 The underlying mechanism of the KD and its effect on seizures has been the subject of many studies 

but remains unidenti fi ed. 
 In 2008  [  6  ]  a large randomized controlled trial of 145 children, 2–16 years of age, with intractable 

epilepsy con fi rmed the ef fi cacy of the KD, and its place as a treatment option was established. In this 
study children were randomly assigned to receive a KD (classic or MCT) either immediately or after 
a 3-month delay, with no other changes to treatment (control group). The two groups were compared 
for the effect on seizures of diet. With 3-, 6- and 12-month treatment durations, there were no 
signi fi cant differences in mean percentage of baseline seizures ( p  > 0.05 at all dates) between the two 
types of KD. 

 In this study, no signi fi cant differences in tolerability of the KD were found except that the classic 
group reported an increase in a lack of energy after 3 months and vomiting at 12 months. The out-
comes showed both versions of the KD as being equally effective. Side effects could be treated by 
adjustments to the diet. 

 Using the KD may lead to side effects, which must be monitored carefully. 
 Attendance by a professional multidisciplinary team of a pediatric neurologist, pediatric dietitian, 

specialized nurse, and pediatrician is necessary (Table  3.6 ).  

   Table 3.6    Adverse effects of ketogenic diet  [  7,   8  ]    

 Short term  Long term 

 Gastrointestinal 
 Constipation  Growth retardation 
 Diarrhea  Kidney stones 
 Vomiting 
 Abdominal pain  Osteoporosis 

 Metabolic abnormalities  Carnitine de fi ciency 
 Hyperlipidemia (cholesterol, triglycerides) 
 Hyperurcemia 
 Hypercalcemia 
 Hypermagnesemia 
 Decreased amino acid levels 
 Acidosis 

 Cardiac abnormalities 
 Cardiomyopathy 
 Prolonged QT interval 

 Others 
 Lethargy 
 Hunger 
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 The aim of an international consensus statement is to advise on the optimal clinical management 
of children receiving the KD  [  7  ] . 

 In the Netherlands, a Dutch Dietary Treatment Guideline for the KD in epilepsy treatment has been 
published  [  8  ] . It offers practical tools for successful diet calculation, diet initiation, and diet monitoring. 

 The availability of treatment guidelines will lead to increased safety and ef fi cacy of the KD. The 
recommendations were as evidence based as possible.  

   Treatment Modalities in Infantile Spasms 

   Infantile Spasms 

 Although ISs are not rare, they are often only diagnosed after days or some weeks of spasms. The 
syndrome was  fi rst described in 1841 by Dr. William James West in an article in  the Lancet  regarding 
his own son. Since that time many efforts have been made to  fi nd the strongest evidence of several 
treatment options in IS. However the outcome is still poor  [  9  ] .  

   Pharmacological Treatment 

   Antiepileptic Drugs 

 A recent Cochrane Review on the treatment of ISs  [  10  ] , based on strict inclusion criteria, analyzed a 
limited number of 14 studies with 681 patients. The strongest evidence suggested that hormonal 
(prednisolone or tetracosactide) treatment led to resolution of spasms faster, and in more children, 
than vigabatrine. The response rate without relapse was higher in those treated with hormones. Long-
term neurodevelopmental outcome in infants and young children with no underlying cause for their 
spasms was also better. Therefore, hormonal treatment was found to be superior, at least for this group 
of infants. This is in agreement with the  fi ndings of the UKISS trial  [  11  ] . In this blind randomized trial 
 [  11  ]  the developmental and epilepsy outcomes of two groups of infants ( N  = 107 and analysis of 
 n  = 77) with or without identi fi ed etiology with either vigabatrine or hormonal treatment (predniso-
lone or tetracosactide) were compared. Seventy percent of infants treated with steroids achieved rapid 
spasm freedom 14 days after starting treatment compared to 54% of infants in the vigabatrine group. 
In all 77 infants no signi fi cant differences in outcome with respect to seizures were found at age 14 
months. However, better development at follow-up at 4 years of age was found in those with 
unidenti fi ed etiology and allocated to the hormonal treatment group. 

 In a large randomized, single blinded study of 221 patients ( N  = 221)  [  11  ]  the effects of two different 
doses (high dose 100–148 mg/kg/day, ( n  = 107);     low dose 18–36 mg/kg/day, ( n  = 114)) of vigabatrine 
on spasm reduction in IS were compared. More children in the high-dose group compared to the low-
dose group achieved spasm freedom and achieved it quickly and with a low response rate. Remarkably 
the tuberous sclerosis complex (TSC) group achieved more predictable bene fi t by vigabatrine. 

 In medical practice, other AED besides vigabatrine or hormones may be tried such as valproic acid, 
topiramate, and diazepines. These drugs have only temporary or no effect.  

   Pyridoxine (B6) 

 Pyridoxine is easy to administer. However, experience with pyridoxine therapy outside of pyridoxine 
de fi ciency is very limited. In a randomized controlled trial, pyridoxine was provided as primary therapy, 
but none of the 37 infants responded  [  13  ] . 
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 In medical practice, pyridoxine is only used as an add-on therapy for a period of time in case of 
intractable epilepsy until a disorder of pyridoxine metabolism is excluded.   

   Nonpharmacologic Treatment 

   Ketogenic Diet 

 See paragraph Use of Ketogenic diet in Infants with IS   .  

   Vagus Nerve Stimulation 

 Vagus nerve stimulation is not commonly used as a treatment option in IS  [  1  ] . 
 A recent study on 55% of 69 children with intractable epilepsy showed vagus nerve stimulation 

was relatively safe and effective. No infants were included in this study  [  14  ] .  

   Epileptic Surgery 

 A surgical approach to IS treatment depends on the detection of a focal cerebral lesion  [  1  ] . A study on 
infants ( N  = 50) who had epileptic surgery showed that those infants with IS ( n  = 11) were not differ-
entiated in terms of outcome  [  15  ] . 

 There is limited information regarding epileptic surgery for children with IS. 
 In summary, pharmacological treatment like hormones and vigabatrin are the most effective and 

commonly used and successful in the case of IS, especially with unidenti fi ed etiology. 
 In the case of TSC there is evidence that vigabatrin is the most effective and therefore should be 

the treatment of  fi rst choice  [  16  ] . 
 Multiple drug regimes often lead to unacceptable side effects, especially given a relatively poor 

effect.    

   Use of Ketogenic Diet in Infants with IS 

   Background 

 The KD is not the treatment of  fi rst choice in infants with intractable epilepsy because of the assump-
tion that the KD is nutritionally inadequate and unpalatable for the infant. Moreover, it is believed that 
liver function and lipid metabolism in the infant is too immature and that long-term effects are 
unknown. In general practice, the KD would be too dif fi cult to handle for infants and parents. 

 Pilot studies by Nordli et al.  [  17  ]  in 2001 and Kossoff et al.  [  18  ]  in 2002 addressed whether the KD 
is safe, well tolerated, and effective for treating ISs. Nordli et al.  [  17  ]  evaluated the outcome of 32 
infants with intractable epilepsy treated with the KD. Data showed 35.5% of these children had >50% 
seizure reduction. An additional 19.4% of the children became seizure free. The KD appeared to be 
particularly effective in those children with IS; 70% (12 out of 17) had >50% improvement (of which 
6 reached seizure freedom) on the KD after 3 months. 

 The results of Kossoff et al. were comparable to the  fi ndings of Nordli et al. 
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 An evaluation of the ef fi cacy, tolerability, and safety of the KD for treatment of ISs was reported 
in a retrospective study of 43 infants by Eun et al.  [  19  ] . They found seizure freedom in 53.5% of the 
infants. Adverse effects were reported in 55.8% of the infants during treatment. Some of the adverse 
effects were serious and a reason for discontinuation. The authors suggested revisions to the KD pro-
tocol to reduce these side effects of the KD by lowering the ketogenic ratio or nonfasting. 

 Kossoff et al. conducted a retrospective chart review of all infants that started the KD ( n  = 13) and 
adeno corticotropic hormone (ACTH) ( n  = 20) as a treatment option in IS  [  20  ] . The KD stopped 
spasms in nearly two-thirds of cases and had fewer side effects and relapses than ACTH. In the case 
of the latter, the EEG was normalized more rapidly. Kossoff et al. suggested a prospective study with 
KD as a  fi rst-line treatment option to con fi rm the previous  fi ndings. 

 Hong et al.  [  21  ]  reported a large prospective single-center experiment involving 104 infants with 
IS treated with the KD. In this study 64% of the patients showed a >50% spasm improvement at 6 
months and 77% after 1–2 years. Of these, 37% reached spasm freedom for at least a 6-month period 
within a median 2.4 months after starting the KD. Older age at onset of IS and fewer prior AEDs were 
more likely to be associated with >90% spasm improvement at 6 months. Side effects were seen in 
33% of the infants. Reported side effects were constipation, weight loss, kidney stones, and gastroe-
sohpageal re fl ux. 

 In summary, until now studies failed to demonstrate level 1 or 2 evidence that the KD is more effec-
tive in IS than other treatment options such as hormones and vigabatrine. Reported data, however, 
strongly suggest that the use of the KD in IS indeed is effective and the side effects are acceptable 
when well monitored. 

 In their most recent publication, Freeman and Kossoff noted the widely held misconception that 
the KD is dangerous in infants and young children  [  22  ] . 

 Combination therapy with KD and other AEDs may further increase the ef fi cacy of the KD  [  9  ] .   

   Ketogenic Diet Initiation in Infants 

   Ketogenic Diet Composition 

 As previously mentioned, the nutritional composition of the KD differs substantially from a normal 
eating pattern. Examples of KD for infants are shown in Appendix 1. 

 At diet initiation the usual diet of the child must be gradually changed (Table  3.7 ) toward the KD 
composition.  

 When calculating the diet, it is important to take into account the following points:

   The recommended allowances (RDA) are recommendations for groups of healthy children, mak-• 
ing them less suitable for individual and, possibly, handicapped children.  
  Feeding problems and growth retardation are frequently seen in this particular group of children • 
 [  23  ]  and may con fl ict with the strict prescriptions.  
  The MCT version of the KD allows a suf fi cient amount of protein, but this kind of diet is badly • 
tolerated by infants. The KD formulas specially developed for infants are based on the classic ver-
sion of the KD and are well tolerated by infants. When calculated carefully the RDA of protein can 
be supplied.  
  The energy requirements of children with epilepsy may vary greatly. They depend on physical • 
activity and may be in fl uenced by epileptic seizures and possibly the degree of spasticity or fre-
quency of muscle spasms during epileptic seizures  [  8  ] . It is well known that in children with neu-
rodevelopmental disability resting energy expenditure can be deviated due to deviant body 
composition  [  23  ] .  
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  A certain level of ketosis must be achieved to be certain that the metabolism has successfully • 
changed from carbohydrate burning to fat burning. When the energy expenditure is overestimated, 
achieving an adequate level of ketosis will become dif fi cult.  
  The diet must be frequently adjusted to meet the changing needs of the (very) young child due    to • 
growth and developmental stage, as introduction to solid foods.  
  Feeding an infant more frequently than usual (every 3–4 h) can be helpful at diet initiation to prevent • 
side effects like vomiting, hunger, and hypoglycemia.  
  The vitamin and mineral content of the diet must be calculated and supplemented on an individual • 
basis.     

   Starting the Diet 

 The KD is usually initiated in a (neuro) pediatric hospital ward. In our experience, diet initiation at 
home is possible and safe under strictly monitored circumstances and thorough instructions to parents 
and caregivers, also in infants. 

 When parents are noncompliant or have limited skills, administering and monitoring the diet can 
be very dif fi cult. 

 In the case of a medical or urgent social situation, feeding by a nasogastric tube must be 
considered. 

 Before starting the KD it is important to check if the infant has any con fl icting underlying diseases 
and to evaluate important parameters. Inborn errors of metabolism that could lead to a severe meta-
bolic crisis should be ruled out. These include disorders of fatty acid mitochondrial transport,  b  (beta)-
oxidation, and other mitochondrial cytopathies  [  7  ] . 

 Prior to starting the diet it is very important to check all AEDs, vitamin and mineral supplements, 
and other medications (e.g.,laxatives) for carbohydrates and make sure they are “ketoproof” (carbo-
hydrate free). It is possible to change the medication to low-carbohydrate versions. A pharmacist can 
be of great help in this matter. In daily practice, 1 g (1,000 mg) of carbohydrates from AEDs and 
supplements is the maximum that  fi ts into the KD regimen. 

 Historically, the KD was preceded by a period (24–48 h) of fasting to accelerate the ketotic state. 
During fasting side effects like vomiting, discomfort, and hypoglycemia frequently occurred, espe-
cially in the infant. Nowadays, the uncomfortable fasting period is increasingly omitted. Studies have 
shown that ketosis can also be reached without fasting beforehand without any signi fi cant impact on 
the effectiveness of the diet  [  7,   8  ] . 

 To ensure that a diet with a high fat content is well tolerated by the infant, the diet will be intro-
duced step by step. In daily practice, this means the regular formula of the infant is mixed with the KD 
formula (Ketocal ®  3:1 or Ketocal ®  4:1), as shown in    Table  3.8    .  

   Table 3.7    Step by-step plan to introduce ketogenic formula  [  8  ]    

 Step 
 Regular infant 
formula % of volume 

 Ketogenic infant 
formula % of volume 

 100  – 
 1  75  25 
 2  50  50 
 3  25  75 
 4  –  100 

   NB : The amount of  fl uid is based on RDA and infant weight and age  
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 To stimulate oral motor activity and to avoid feeding aversion behavior solid foods may be intro-
duced at age of 4-6 months. Parents will be educated on how to use a specially designed calculating 
program that will help them create recipes for their child that match the KD regimen. In this case, the 
diet will still be based on the classic KD, but adjustment to a more liberal version with a low-dose 
MCT is also possible. 

 Every infant must receive a tailor-made diet.. Not only will a daily menu be handed over to the 
parents, but it is also very important to give instructions on how to handle special situations like 
hyperketosis, food refusal, hypoglycemia, and infectious disease. Both diet and emergency regimes 
must be frequently adjusted for the growth, age, and developmental stage of the child.  

   Monitoring the Diet 

 During diet introduction parents often have many questions and initially often need support and 
con fi rmation that they are properly applying the diet. Frequent telephone, e-mail, or outpatient con-
sultations with a multidisciplinary team are needed during the  fi rst weeks/months. 

   Evaluation 

 Recommendations for evaluation and medical check-ups are noted in the guidelines  [  7,   8  ]  to guaran-
tee the safety and ef fi cacy of the diet.  

   Fine-Tuning 

 Although the diet will be carefully calculated and tailor made, it still can be a problem to reach an 
adequate level of ketosis. 

 Based on variables like the level of ketosis, it will be necessary to make adjustments to the diet, 
called  fi ne-tuning the diet, to improve the outcome of the KD. 

 Recommendations for  fi ne-tuning are given in Table  3.9 .  

   Table 3.8    Recommendations for evaluation  [  8  ]    

 What  How  When 

 Ketosis 
 At start  Blood or urine  Daily 
 When adequate  Blood or urine  Once a week, or upon indication 
 Seizures  Diary  Daily 

 EEG  After 3 months 
 Growth  Weight  Once a week 

 Height  Every two weeks 
 Head circumference  Every two weeks 

 Intake 
 At start  Food diary  Daily 
 When adequate  Food diary  Before every visit or telephone call 
 Side effects 
 Like vomiting, constipation, etc.  Diary  Continuously 
 Medication 
 Like AED, vitamin or mineral supplements, laxatives, etc.  Diary  Every visit 
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 When  fi ne-tuning the diet take into account that:

   In most cases, an unexpected decreased ketosis is due to incompatible medication,  • 
  One adjustment at a time must be made in the course of a week to evaluate its effects,  • 
  The use of carnitine to increase ketosis is still controversial.     • 

   Troubleshooting 

 Also in the case of food refusal, insuf fi cient growth, or side effects, the diet must be adjusted. 
 Recommendations for troubleshooting are given in Table  3.10 .   

   Special Situations 

 In the case of illness, the treating pediatrician should be contacted immediately because fever, diar-
rhea, or vomiting can alter the metabolism and level of ketosis. 

 Because an infant is at risk for hypoglycemia and dehydration, special attention to and close moni-
toring of ketosis, blood glucose,  fl uid intake, urine production, amount of diarrhea/vomit are very 
important. 

 In medical practice, oral dehydration salt (e.g., ORS Junior) can be used to prevent dehydration. 
The solution of the oral dehydration salt must be based on the carbohydrate content of the child’s 
regular diet schedule to prevent side effects like hyperketosis (Appendix 2). 

   Table 3.9    Recommendations for  fi ne-tuning diet  [  8  ]    

 Situation  Action 

 Inadequate ketosis  Check calculation of recipes 
 Check weight scale 
 Increase ratio 
 Lower kcal 

 Hyperketosis  Lower ratio 
 Increase carbohydrates 
 Increase kcal 

   Table 3.10    Suggestions for troubleshooting (no illness)  [  8  ]    

 Situation  Action 

 Vomiting  Give more frequently or smaller portions 
 For 24 h give 50% of formula diluted with water 

 Food refusal  Check for constipation and re fl ux, 
 Give more frequently or smaller portions 
 Start introduction of solid foods 

 Out of ketosis  For 24 h give 50% of formula diluted with water 
 Hyperketosis >6.5 + blood 

>4+ urine 
 Give apple juice (30 mL <10 kg bodyweight, 60 mL >10 kg body weight) followed 

by a portion of diet formula and repeat until all values have normalized 
 Hypoglycemia <2.5 mmol/L  Give apple juice (30 mL <10 kg bodyweight, 60 mL >10 kg body weight) followed 

by a portion of diet formula and repeat until all values have normalized 
 Insuf fi cient growth  Increase kcal with 5–10% 

 Evaluate protein content 
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 Parents should be instructed on how to act when their child becomes ill or must undergo anesthesia. 
Adding a tailor-made emergency regime to the child’s diet plan can be very helpful in this matter  [  8  ] . 

 In the case of illness, it is more important to treat the (acute) illness than to maintain optimal 
ketosis. 

 When a child is ill, take into account the following considerations:

   Ketone levels must be monitored more frequently in consultation with the child’s pediatrician.  • 
  Glucose levels must be monitored in the event of paleness, clamminess, or other signs that may • 
indicate hypoglycemia.  
  Fluid balance must be maintained.  • 
  Intake of solid foods may be limited and can be accepted if the child continues to accept his or her • 
bottle feeding.  
  All vomiting or diarrhea events must be compensated with 10 mL ORS Junior/kg/body weight to • 
prevent dehydration based on the individual diet of the child.      

   Evaluation of Ef fi cacy 

 Three months is the most commonly used trial period to determine if the KD is having an effect on 
seizures  [  7,   8  ] . In the case of infants, it is recommended that the trial period be shortened to 2–4 weeks 
 [  20,   24  ] . Seizure frequency is evaluated by diary entries and EEG. 

 Positive effects on alertness, cognition, and behavior are frequently reported by parents, and, 
although not objective, they are important when deciding if the diet will be continued, even in the case 
of disappointing seizure reduction.  

   Tapering the Diet 

 The most important reason to taper the diet is insuf fi cient effectiveness. Motivation is primarily 
derived from effectiveness. Our clinical experience is that the KD loses its effectiveness after a certain 
period. The effectiveness may last up to 3 years. It is unknown why the KD loses its effectiveness. 

 In the case of insuf fi cient effectiveness, the diet can be changed back to the regular feeding pattern 
of the infant in 1–2 weeks’ time  [  8  ] . 

 When the KD has successfully been applied for a long period of time, the patient can revert back 
to his or her regular eating pattern in 2–3 months’ time  [  7  ] . 

 Medical reasons for discontinuing the diet include complications from severe, persistent adverse 
effects or not achieving an adequate ketosis despite  fi ne-tuning. 

 In medical practice, the diet is continued as long as it is accepted by the infant and the infant’s 
parents. In a recent article, Kang  [  24  ]  compared short-term (8 months) vs. long-term (2 years) use of 
KD for IS to indicate how adverse effects could be minimized while ef fi cacy and relapse rate remained 
strikingly similar. Tapering of the KD after 6 months in the case of seizure freedom seems justi fi ed. 

 Additional research is needed to corroborate this  fi nding. 
 Information about follow-up with children after discontinuation of the KD is scarce. It seems that 

patients bene fi t in terms of seizure occurrence from the KD after discontinuation. One study showed that 
6 years after tapering the KD seizure incidence was lower than it was prior to the start of the KD  [  25  ] . 

 In summary, using the KD indeed implicates a rigorous, compliance-demanding therapy. It requires 
dedicated parents, patients, and dietitians because of the strict prescriptions. Important keys to success 
are tailor-made diets: taking into account as much as possible the individual possibilities and personal 
preferences of the infant and his or her parents  [  8  ] . Detailed emergency regimes are helpful to guar-
antee safety.   
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   Conclusion 

 Nonpharmacologic treatment options like the KD are being increasingly used in the treatment of ISs 
in an effort to obtain better outcomes. With the increasing knowledge of how to apply the KD in daily 
practice, the availability of special ketogenic infant formulas, ketogenic calculation programs, and 
treatment guidelines, the KD is a safe and successful treatment option in otherwise intractable epilep-
sies in infants. 

 With the constant need of infants to grow and develop, the KD must be administered with special 
care and closely monitored by a multidisciplinary team. 

 Use of the KD may be accompanied by known and serious health consequences. In medical prac-
tice, the adverse effects are mild and can be treated in a conventional way. They are seldom cause for 
diet termination. Adaptations of treatment guidelines can be very helpful in the prevention and early 
determination of side effects of the KD. 

 For all these reasons the infant population is one of the most rapidly growing age groups following 
the KD.      

  Glossary 

  Infant    Child <12 months of age.   
  Infantile spasms (IS): or West syndrome    A form of severe epilepsy presenting between 3 and 10 

months of age characterized by a brisk  fl exion or extension of the extremities, sometimes followed 
by a brief tonic posture, appearing in clusters and often occurring after sleep transition and ac-
companied by developmental regression. Characteristically interictal EEGs reveal hypsarrhytmia, 
high-amplitude, chaotic background pattern, and asynchronous slow waves intermixed with mul-
tifocal spikes.   

  Intractable epileptic syndrome    General term covering epileptic syndromes (like Ohtarara syn-
drome and West syndrome) that do not respond to initial treatment with (multiple) anti epileptic 
drug regimes.   

  Ohtahara syndrome    Identical to West syndrome but presenting before 3 months of age.   
  Ketogenic diet (KD)    High-fat, low-carbohydrate diet with adequate amount of protein that mimics 

the metabolic state of fasting during an anabolic situation. 
 Due to the lack of carbohydrates energy metabolism shifts from carbohydrate to fat burning for 

energy, which induces production of ketone bodies (aceto acetate,  b  (beta)-hydroxybutyrate and 
acetone) that can be measured in urine and blood. 

 An adequate level of ketosis is de fi ned as 3–4 + (8–16 mmol/L) ketones in urine or 2–5 mmol/L 
 ketones in blood.   

  Ketogenic ratio    The ratio of ketone-producing foods in the diet (i.e. dietary fat). The most used 
ratio’s are 3:1 or 4:1. This means either 3 or 4 g of ketone-producing fat vs. 1 g non-ketone-
producing protein and carbohydrates.     
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   Appendix 1: Diet Schedules for Infants 

   Example I: 9 Months Old (9 kg) 

 Bottle feeding/day 
  Ingredients/24 h 

   70 g Ketocal 3:1 • ®   
  12 mL Calogen • ®  neutral  
  Water until 800 mL of feeding    • 

  Supplement 

   5  • m g vitamin D solute into oil    

  Divided into 

   3 × 200 mL  • 
  2 × 100 mL    •  

 Breakfast  200 mL bottle feeding 

 Morning snack  Fruit at 2.5 g carbohydrate a  

 25 g crème fraiche (35 g/100 gram fat) 

 100 mL bottle feeding 

 Afternoon  200 mL bottle feeding 

 Afternoon snack  Vegetables at 1 g carbohydrate a  

 5 g vegetable oil 

 5 g fatty cheese (48 g fat/100 g) 

 100 mL bottle feeding 
 Evening meal  200 mL bottle feeding 

  a According to variation lists  

 Analysis 
 Calories per day  705  78 kcal/kg 
 Grams of protein  13     7 energy % 
 Grams of LCT fat  69  88 energy % 
 Grams of carbohydrates  9  5 energy % 
 Ratio  3:1 
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   Example II: 9 Months Old (8.5 kg) with Decreased Resting 
Energy Expenditure 

 Bottle feeding/day 
  Ingredients/24 h 

   85 g Ketocal • ®  3:1  
  710 mL water    • 

  Supplement 

   5 mg vitamin D solute in oil    • 

  Divided into 

   5 × 150 mL    • 

  Extra 

   1 × 100 mL water/sugar-free lemonade    •   

 Breakfast  150 mL bottle feeding 
 Morning  150 mL bottle feeding 

 100 mL sugar-free lemonade 
 Afternoon  150 mL bottle feeding 
 Afternoon snack  Vegetables/cream/oil/ cheese calculated based on analysis of 150 mL bottle 

feeding a  
 100 mL sugar-free lemonade 
  NB : when the child eats only 50% of his or her meal, supplement 75 mL 
 Bottle feeding 

 Evening  150 mL bottle feeding 

  a Analysis of 150 mL bottle feeding made of 17 g Ketocal ®  3:1: 
 119 kcal, 2.6 g protein, 12 g LCT fat, 1 g carbohydrate, ratio 3:1  

 Analysis 
 Calories per day  594  69 kcal/kg 
 Grams of protein  13  8 energy % 
 Grams of LCT fat  58  88 energy % 
 Grams of carbohydrates  6  4 energy % 
 Ratio  3:1 



413 Ketogenic Diet as Treatment Option for Infants…

   Appendix 2   : Emergency Regimes in Case of Illness  [  8  ]  

   Use of ORS Junior 

 100 mL ORS Junior, prepared according to the information on the package, contains 22 g carbohy-
drate (2 sachets for 1 L)

    1.    1 sachet ORS Junior can be diluted into 1,000 mL water and contains 11 g carbohydrate.  
    2.    The amount of ORS Junior depends on the carbohydrate content of the KD and must be calculated 

individually.  
    3.    In daily practice, in the case of the classic KD, a limited amount of ORS Junior can be used.      

 Illness, fever  with  vomiting or diarrhea 
 Phase I  Give 24 h ORS Junior according to the preceding guidelines and calculated based 

on weight and age of individual child 
 Compensate each time vomiting and or diarrhea occurs with 10 mL ORS Junior/kg 

body weight 
 Use diet composition indicated in individual emergency plan 

 Phase II  In case of bottle feeding 
 Dilute bottle feeding 50–50 with water 
 Give numerous, smaller portions throughout day 

 In case of solid food 
 Calculate meals at a lower ratio than the usual diet (2.5:1 when normal 3:1, or 3:1 

when normal 4:1) 
 Distribute the food over smaller portions 
 Compensate each vomiting/diarrhea episode with 10 mL ORS Junior/kg body 

weight 
 Use composition indicated in individual emergency plan 
 Intake of solid foods may be limited and can be accepted if child continues to feed 

from bottle 
 Phase III  If complaints subside, a switch can be made to the regular diet 
 Illness, fever  without  vomiting and/or diarrhea 
 Phase I  In case of bottle feeding 

 Dilute bottle feeding 50–50 with water 
 Give numerous, smaller portions throughout day 

 In case of solid food 
 Calculate meals at a lower ratio than the usual diet (2.5:1 when normal 3:1, or 3:1 

when normal 4:1) 
 Distribute food over smaller portions 
 Compensate each vomiting/diarrhea episode with 10 mL ORS Junior   /kg body 

weight 
 Use composition indicated in individual emergency plan 
 Intake of solid foods may be limited and can be accepted if child continues to feed 

from bottle 
 Phase II  If complaints subside, a switch can be made to the regular diet 

 If complaints do not subside, see advice under Phase I 
 First 24 h can be continued for a maximum of 2 days 
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      Key Points 

    There is no consensus on the de fi nition of short bowel syndrome.  • 
  Management and treatment of short bowel syndrome is complex.  • 
  Breast milk is the preferred type of nutrition.  • 
  Interdisciplinary approach is required for optimal outcome.     • 

  Keywords   Short bowel syndrome  •  Enteral and parenteral nutrition  •  Bowel adaptation growth and 
interdisciplinary management  

   Introduction 

 Intestinal failure is de fi ned as the critical reduction of functional gut mass below the amount that is 
minimally necessary for adequate digestion and absorption to satisfy nutrient and  fl uid requirements 
for growth in children  [  1  ] . Therefore the use of parenteral nutrition (PN) is required. Intestinal failure 
may result from intestinal obstruction, dysmotility, surgical resection, congenital defects, or disease-
associated loss of absorption  [  2  ] . Intestinal failure may be caused by short bowel syndrome (SBS), 
mucosal enteropathy, or dysmotility syndromes  [  3  ] . SBS is a subcategory of intestinal failure, which 
may result from surgical resection, congenital defect, or disease-associated loss of absorption. This 
condition is characterized by the inability to maintain protein–energy,  fl uid, electrolyte, or micronutrient 
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balances when on a conventionally accepted, normal diet  [  2  ] . Numerous de fi nitions of SBS have been 
proposed, such as the American de fi nition by O’Keefe et al.  [  2  ] , but regrettably there is no worldwide 
consensus on a generally applicable clinical de fi nition  [  3,   4  ] . Essentially, authors disagree on whether 
the diagnosis should solely refer to either remaining bowel length or to duration of postoperative PN, 
or to a combination of both. Establishing the remaining bowel length is hampered by practical prob-
lems, and thus it seems tentative to base the de fi nition of SBS on its clinical presentation solely, rather 
than on anatomical aspects. 

 In early childhood, SBS may result from massive resection of the small intestine necessitated by 
volvulus, congenital malformations such as intestinal atresia and gastroschisis, or necrotizing entero-
colitis (NEC)  [  1,   5–  7  ] . Some of the underlying diseases, such as gastroschisis and intestinal atresia, 
not only affect residual bowel length, but also may in fl uence its residual function and adaptation 
potential  [  8  ] . Successful bowel adaptation refers to the capacity of structural and physiological altera-
tions of the bowel that allow children with SBS to grow healthily while receiving oral and/or enteral 
nutrition. There is a range of factors that may predict whether adaptation will be successful. These 
include: age, underlying diagnosis leading to SBS, length and section of small and/or large bowel 
resected, presence or absence of the ileocecal valve and/or colon, intrinsic adaptive potential of 
remaining bowel, health of other organs involved in digestion and absorption, and the presence or 
absence of bacterial overgrowth of the small intestine  [  9  ] . Furthermore, the long-term outcome is 
determined by the rate at which enteral feedings can be provided postoperatively while the child is on 
parenteral nutrition (PN), and by the type of enteral feedings  [  9  ] . 

 Infantile SBS has signi fi cant morbidity and is potentially lethal—especially when intestinal loss 
is extensive  [  10  ] . A multitude of complications may occur secondary to long-term hospitalization 
and prolonged PN, such as central line-related complications, multiple systemic infections, 
PN-associated liver disease (PNALD), and failure to thrive  [  11  ] . Major predictors of mortality in 
pediatric SBS are PN-associated cholestasis and shorter age-adjusted remaining small bowel length 
 [  12  ] . On the other hand, intestinal continuity and preservation of the colon are predictors of survival 
 [  11,   13  ] . PNALD is one of the most common and severe morbidities in children with infantile SBS. 
It is associated with a mortality rate approaching 100% within 1 year of diagnosis when children 
cannot be weaned off PN or will not receive a liver/small bowel transplant  [  11  ] . One study demon-
strated a 25% prevalence of PNALD in 36 patients with chronic intestinal failure, of whom 43% had 
SBS  [  14  ] . A review estimated that generally 30–60% of children develop hepatic dysfunction while 
receiving long-term PN  [  15  ] . Risk factors for developing PNALD include prolonged PN, prematu-
rity, frequent surgical procedures, lack of enteral intake and thus disruption of the enterohepatic 
cycle, intestinal stasis with subsequent bacterial overgrowth, early and/or recurrent catheter-related 
sepsis  [  9,   16,   17  ] . 

 Survival rates of neonatal SBS patients have considerably improved over the years, reaching 
70–90%  [  11,   13,   18–  20  ] . This progress is mainly due to improved composition of PN, improved pro-
tocols for handling central venous catheters (CVC), interdisciplinary patient management and better 
outcomes of small bowel transplantation. Still, reported mortality rates vary from 6 to 47%  [  11,   13, 
  18–  24  ]  and have not declined over the years. This discrepancy might be explained by different 
de fi nitions of SBS used, differences in measured/documented bowel lengths, and differences in dura-
tions of PN dependency. 

 Maintaining simultaneously optimal nutritional status and achieving intestinal adaptation is a 
clinical challenge in patients with SBS. Both growth and development of the child as well as bowel 
adaptation should be considered synergistically as primary outcome parameters. The aim of this 
chapter is discussing several issues for the nutritional management including parenteral nutrition, 
bowel adaptation, and the type of diet to be used and the route of its delivery: orally and/or 
enterally.  
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   Nutrition and Short Bowel Syndrome 

 The clinical manifestation of SBS is determined by the residual length of the jejunum and ileum, the 
presence of an enterostomy, the presence (or absence) of the ileocecal valve, the remaining functional 
length of the colon, underlying pathology and possible complications  [  13  ] . These factors affect bowel 
adaptation and therefore the functionality of the gastrointestinal tract, which in turn affects feeding 
options. Therefore, recommendations for the type and duration of parenteral and enteral nutrition are 
variable, with the child’s age as an additional key factor. The goals of nutritional support in patients 
with SBS are twofold: (1) providing safe, adequate supplemental nutrients to preserve lean body mass 
and function, and (2) if possible, supporting and accelerating the body’s own adaptive mechanisms 
 [  25  ] . Therefore, different approaches are needed, especially in the  fi rst acute phase of SBS. For exam-
ple, when aiming at providing as many calories as possible, one might choose a type of enteral nutri-
tion that differs from that aiming at promoting bowel adaptation.  

   Parenteral Nutrition 

 After resection, PN is inevitable in order to meet the energy requirements. Some patients will require 
supplemental PN for a limited period only—that is—when intestinal adaptation is successful. Others 
will remain dependent on parenteral support (irreversible intestinal failure) and may be considered 
candidates for bowel transplantation when life-threatening complications develop  [  9,   16,   26  ] , such as 
PNALD. Generally, 30–60% of children will develop hepatic dysfunction while receiving long-term 
PN  [  15  ] . The 1-year survival rate after intestinal transplantation has reached 80%  [  27  ] ; the average 
survival rate 5 years after transplantation is 50%  [  28  ] , compared to >80% in non-transplanted patients 
without hepatobiliary complications of PN  [  29  ] . Patients on PN are at risk for fatty liver, hepatic 
 fi brosis, and cholestasis  [  30  ] . The exact mechanisms are unknown, but multifactorial etiology has 
been proposed implicating host factors such as a reduced bile acid pool or toxic constituents of the PN 
solution such as excessive protein and excessive glucose infusion rates  [  31  ] . The observation that 
reduced quantities of parenteral soy-based lipid delays the onset of cholestasis has led to the develop-
ment of liver sparing PN protocols. If parenteral soy-based lipid is limited to <0.5 g/kg/day, cholesta-
sis may be reduced or even prevented  [  32  ] . Reduction in lipid calories must be compensated by a 
concomitant increase in glucose calories which can result in an excessive glucose infusion rate, hyper-
insulinemia, hypertriglyceridemia, and increased septic risk  [  33  ] . Recently a few studies have shown 
that parenteral  fi sh oil emulsion reverses PNALD  [  34–  36  ] . New lipid emulsions, based on the mixture 
of four different oils including  fi sh oil, might be the most balanced source of lipids for SBS patients 
at risk of developing cholestasis  [  37  ] .However randomized controlled trials on these novel lipid emul-
sions are lacking. 

 Cyclical PN may commonly be provided as soon as metabolic status allows it. Its aim is to reduce 
the permanent hyperinsulinaemia with subsequent fat accumulation and liver disease  [  38–  40  ] . Cyclical 
PN allows a more important mobilization of the energetic stocks and physical activity during the day 
than continuous PN and might change the quality of the weight gain and avoid an unnecessary storage 
of lipid deposits  [  38  ] . In general, cyclical PN allows increasing enteral and oral nutrition throughout 
the day. Glucose tolerance should be monitored. A stepwise increase and decrease of glucose infusion 
rates at onset and at discontinuation of the PN infusion respectively should be considered to avoid 
strong  fl uctuations in blood glucose levels. The stepwise change in glucose infusion rate is called 
tapering and should be considered when 75% of the caloric intake is provided by PN and cyclic 
administration is desired. Moreover cyclical PN allows for more physical activity and is therefore 
practical for PN in the home situation.  
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   Glutamine 

 A potential candidate as supplement to enhance bowel adaptation is glutamine. Glutamine is known 
to serve as a metabolic substrate for the small intestine. Four major  fi ndings support its candidacy: (1) 
Glutamine is an essential fuel for the enterocyte and for immune cells and cannot be substituted by 
other amino acids; (2) during periods of stress, a state of relative glutamine de fi ciency exists, as evi-
denced in plasma glutamine levels; (3) supplementation of exogenous glutamine delivers essential 
fuel to tissues in need; (4) the small intestinal mucosa becomes atrophic when the gut is deprived of 
glutamine, as in the case during total parenteral feeding  [  45  ] . Parenteral glutamine supplementation 

   Nutrition and Bowel Adaptation 

 Shortly after bowel resection the remaining part of the bowel attempts to increase its  fl uid and nutrient 
absorption  [  26  ] . This process includes muscular hypertrophy and mucosal hyperplasia  [  41  ] . It is gen-
erally accepted that enteral nutrition enhances bowel adaptation. The mechanism by which enteral 
nutrients stimulate adaptation is complex and three major mechanisms have been described: stimula-
tion of: (1) mucosal hyperplasia by direct contact with epithelial cells; (2) trophic gastrointestinal 
hormone secretion; and (3) the production of trophic pancreatobiliary secretions  [  26,   42  ] . Luminal 
factors include a variety of nutrients, secretions, and other essential components in the diet or pro-
duced in the lumen of the gastrointestinal tract that have been known to stimulate gut mucosal growth 
 [  43  ] . Suggested luminal factors are presented in Textbox 30.1  [  26,   42,   44  ] . After neonatal small intes-
tinal resection it may take up to 5 years or longer before adaptation is complete. The composition of 
the diet should be considered in an effort to balance gastrointestinal tolerance with speci fi c nutrients 
in a complex form that may further stimulate the adaptive process  [  44  ] . 

      Textbox 30.1: Luminal Factors in Bowel Adaptation 

     • Nutrients 
   Long chain triglycerides (LCT)   –
  Proteins   –
  Glutamine   –
  Dietary  fi ber      –

   • Hormones 
   Enteroglucagon   –
  Growth hormone   –
  Glucagon-like peptide 2   –
  Cholecystokinin   –
  Gastrin   –
  Neurotensin   –
  Glucagon-like peptide YY      –

   • Growth factors 
   Epidermal growth factor (EGF)   –
  Insulin-like growth factor I (IGF-I)      –

   • Prostaglandines   
   • Polyamines      
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in animals following massive intestinal resection enhanced mucosal hyperplasia  [  46,   47  ] . One study 
found that increasing glutamine content of feeds to 25% of total amino acids produced, enhanced 
jejunal and ileal hyperplasia, even on a hypocaloric feed, and improved overall weight gain  [  48  ] . On 
the other hand several other animal studies could not demonstrate a stimulatory effect of glutamine-
enriched enteral nutrition on adaptation  [  49–  51  ] . At present, studies in humans are very limited. 
Glutamine supplementation of parenteral nutrition in newborns and infants after major digestive sur-
gery did not decrease sepsis rate  [  52  ] . Neither did enteral glutamine supplementation affect the sepsis 
rate in 314 very low birth weight (VLBW) infants  [  53  ] . Others showed that enteral glutamine supple-
mentation in VLBW infants decreased the sepsis rate but did not improve feeding tolerance  [  54  ] . In 
six studies in adults with SBS, glutamine was administered orally and/or intravenously for 28–56 days, 
which did not result in signi fi cant changes in the surrogate parameters tested in four studies  [  55–  58  ] . 
The two other studies showed a signi fi cant increase in lean body mass  [  59,   60  ] . In conclusion, even 
though the animal studies were encouraging, so far neither enteral nor parenteral supplementation of 
glutamine has proven to enhance bowel adaptation.  

   Dietary Fiber 

 Another luminal nutrient potentially enhancing bowel adaptation is dietary  fi ber. Fiber can be subdi-
vided into soluble and insoluble forms. Insoluble forms (e.g., cellulose found in cereals) bind to water 
and cause bulking and softening of the stool and decrease whole gut transit time. Soluble  fi ber (e.g., 
pectin, guar gum found in fruits and vegetables) slow gastric emptying and overall gut transit time, 
resulting in a mild antidiarrheal effect  [  61,   62  ] . Bacterial fermentation of soluble  fi ber in the colon 
produces short chain fatty acids (SCFAs), which are an important source of energy  [  63  ] : SCFAs 
account for 5–10% of the total energy requirements  [  64  ] . Animal studies have shown that pectin 
enhanced bowel adaptation  [  65,   66  ] . There are no human studies on the effect of pectin on bowel 
adaptation. Only one case study reported that pectin supplementation in a single patient caused a 
prolonged transit time and higher nitrogen absorption  [  67  ] .  

   Breast Milk 

 The health bene fi ts of breast milk have been amply documented; its use is associated with signi fi cantly 
decreased risks of infection, allergy, respiratory diseases, diabetes, and otitis media  [  68  ] . Exclusively 
breastfed children have reduced risk of infectious diseases such as diarrhea and respiratory infections 
 [  69  ] . It has been postulated that breast milk, which contains glutamine and growth factors (e.g., growth 
hormone and epidermal growth factor), might also enhance bowel adaptation  [  5,   26  ] . A few cohort 
studies have demonstrated that breast milk contains high amounts of nucleotides, immunoglobulin A, 
and leucocytes, which support the immune system of the neonate  [  70,   71  ] . One study found that 
breastfed infants with SBS were weaned off PN earlier than non-breastfed SBS infants  [  72  ] . Human 
studies on the effect of breast milk on bowel adaptation are lacking. However, some studies have sug-
gested that breast milk decreases the risk of NEC in newborns  [  73–  76  ] . One third of all NEC patients 
require surgical intervention, and a quarter of those patients develop SBS  [  77  ] . Approximately 30% 
of all SBS patients had NEC as the underlying diagnosis  [  78  ] . Therefore it might even be hypothe-
sized that breast milk might prevent NEC to some extent and thus lowers the incidence of SBS. 

 Donor breast milk is an alternative form of milk when the mother’s own milk is not available or is 
in short supply  [  76  ] . The use of donor breast milk varies across the world  [  76  ] . Donor milk is pasteur-
ized (heated to 62.5°C for 30 min) and then frozen. This process inactivates HIV, cytomegalovirus, 
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and other viruses, but also affects the nutritional and immunological properties of breast milk  [  79  ] . 
These properties of breast milk might be important for bowel adaptation. Although a few studies have 
shown that donor breast milk also decreases the risk of developing NEC compared to formula feeding 
 [  75,   76  ] , it is unknown whether donor breast milk also has the potential to enhance bowel 
adaptation. 

 Strong evidence continues to demonstrate that breast milk is the optimal source of nutrition for 
infants. It is associated with lower rates of infection diseases during infancy and therefore also recom-
mended as the  fi rst choice of enteral feeding in SBS patients  [  4  ] . 

 Randomized controlled trials are needed to investigate the role of (donor) breast milk on bowel 
adaptation. Other randomized controlled trials should con fi rm the advantages of (donor) breast milk 
over formula feeding, with enteral tolerance and time to enteral autonomy as primary endpoints.    

   Enteral Nutrition 

 The route of administration and composition of the diet of children with SBS are best determined on 
the basis of the underlying disease, location and length of the remaining bowel, presence of the colon, 
and the child’s age. After the acute phase children with SBS have normal energy requirements. 
However, due to poor bowel function shortly after resection, they inevitably need PN at  fi rst. Gradually, 
as the remaining bowel adapts, the amount of enterally administered nutrients can be increased. Based 
on clinical experience, PN will often be needed for a considerable period of time along with enteral 
nutrition in order to maintain normal growth  [  4  ] . The optimal enteral feeding regimen in children with 
SBS is still debated by clinicians. Subjects of debate are mode of administration (continuous versus 
bolus feedings), time of introduction in general, composition (polymeric, semi-elemental, or elemen-
tal), time of introduction and composition of oral feeding, and the supplementation of  fi bers. Most 
data on enteral nutrition in children with SBS are derived from outcomes of retrospective observa-
tional studies and/or case reports  [  5  ] ; relevant high-quality randomized controlled (clinical) trials are 
scarce. In a recent review of the literature the current state of the research in children with SBS was 
presented and evidence-based recommendations where possible (according to the Scottish 
Intercollegiate Guidelines Network criteria (SIGN)  [  80  ] ) were given  [  4  ] . In the absence of evidence, 
clinical recommendations were based on expert opinion. 

   Evidence-Based Recommendations 

 Enteral nutrition should be initiated as soon as possible (i.e., a few days after bowel resection) to pro-
mote intestinal adaptation. This supposition is supported in the literature by level 1 studies  [  81,   82  ] . 
Breast milk or standard polymeric formula (depending on age) is the recommended initial feed (level 
1 and 3 studies)  [  72,   83  ] .  

   Recommendations Based on Clinical Experience 

 Based on clinical experience, it is recommended to gradually increase the volume of enteral nutrition 
by twice-weekly adjustments  [  84  ] . When higher amounts of enteral nutrition are well tolerated (i.e., 
no vomiting, no increased volume of diarrhea), the amount of PN can be reduced accordingly, because 



494 Short Bowel Syndrome: Management and Treatment

not all enterally administered calories are absorbed, PN should not be decreased isocalorically. 
In addition, it is recommended to administer enteral nutrition in a continuous fashion  [  41,   85  ] . When 
half of the energy requirements are provided by enteral nutrition in a continuous fashion (the other 
half by PN), the feeding mode may be changed to intermittent administration of enteral nutrition  [  41  ] . 
Gastric feeding is the most physiological method of administration, but in case of vomiting and/or 
gastric retention, enteral nutrition can be administered past the pylorus via a duodenal or jejunal tube. 
In order to stimulate the neonate’s suck and swallow re fl exes, small volumes of bottle feeding should 
be started as soon as possible  [  41,   84  ] . Solid foods may be introduced at the age of 4–6 months (if 
necessary corrected for gestational age) to stimulate oral motor activity and to avoid feeding aversion 
behavior  [  5,   41,   84,   86  ] . When the colon is present, soluble  fi bers can be added to the diet  [  67,   87  ] . 

 Multicenter prospective studies on the effects of feeding strategies on bowel adaptation, fecal pro-
duction, linear growth, and clinical outcome are required to  fi nd the optimal feeding regimen in chil-
dren with SBS. 

 Previously clinical management was based on “trial and error”. At the time of writing, it is not 
possible to solely base the desired nutritional regimen of children with SBS on evidence obtained 
from previous scienti fi c studies  [  4  ] . Multiple studies have shown that there is still room for improve-
ment of care in this vulnerable group of patients. It is important to provide continuity of care, espe-
cially in dietary management. Even though the manifestation of SBS is variable in every patient and 
care should be tailor-made, it is important to have systematic nutritional strategies that can be adapted 
to the patient’s speci fi c needs. In Fig.  4.1  and the accompanying Table  4.1  a systematic nutritional 
strategy is proposed based on the  fi ndings of our research, current literature, and our own clinical 
experience. It consists of a visual time frame based on the phases of SBS  [  41  ] . It is not possible to 
present exact time intervals in days/months/years, because the course of the disease varies in every 
patient. Minimal enteral feeding is placed on top of the 100% energy intake, because it is not consid-
ered to provide energy, but rather as luminal nutrient for bowel adaptation. Oral feeding can be used 
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at the same time as continuous enteral feeding therapy. We recommend introducing bottle feeding as 
soon as possible to stimulate the suck and swallow re fl ex. For example, stop continuous enteral feeding 
for 1 h and give 1 h dose per bottle ( step 4 , Table  4.1 ).   

 It is important to increase the volume of enteral feeding not too aggressively, as an aggressive 
strategy will probably cause osmotic diarrhoea and/or vomiting. Therefore we advocate patience and 
a strategy in which the volume is slowly increased by 1 ml/h twice a week. In addition, we recom-
mend the use of breast milk as the preferred type of enteral feeding. Moreover, it should be considered 
to set up a donor milk bank to provide donor breast milk when the mother’s breast milk is not 
available.   

   Interdisciplinary Management 

 Several institutions have developed intestinal rehabilitation programs in response to increasing con-
cerns about morbidity following infantile bowel resection  [  88–  93  ] . The ultimate goal of these programs 
is to optimize intestinal adaptation while preserving adequate growth and development. A few studies 
have shown that an interdisciplinary SBS program, coordinating both inpatient and outpatient manage-
ment, improved patients’ clinical outcome  [  88,   91,   92  ] . A rehabilitation program may have a surgical 
component, i.e., lengthening the remaining small bowel in order to increase nutrient and  fl uid absorp-
tion, by either slowing the transit time or increasing the surface area  [  16  ] . Intestinal lengthening proce-
dures take advantage of the bowel dilatation that often occurs in the foreshortened remaining small 
bowel  [  9  ] . One of these lengthening procedures is called serial transverse enteroplasty procedure (STEP) 
 [  94  ] . A recent study reported that after a median follow-up of 12.6 months after STEP, enteral tolerance 
increased by 116% in 38 patients and that nearly half of them had been weaned off PN  [  94  ] . 

 As stated earlier, PNALD is one of the most common morbidities. Early enteral feeding may slow 
its progression and may even reverse it once PN is discontinued and full enteral autonomy is reached 
 [  95  ] . Discontinuing PN is challenging in SBS patients who have not yet reached complete bowel 
adaptation and therefore still have poor bowel function  [  96  ] . 

 As reported above, SBS is a surgical and medical disorder associated with potentially life-threatening 
complications and long-lasting dependence on arti fi cial nutrition. In earlier days, the management of 
patients with SBS was typically in the hands of several individuals, all specialists in their own disci-
pline. Yet, to effectively meet the complex medical, psychological, and social needs of these patients 
and to guarantee continuity of care, it is increasingly acknowledged that treatment of SBS is best 
accomplished by an interdisciplinary team  [  9  ] . Such a team should include pediatric gastroenterolo-
gists and surgeons, specialized nurses, dieticians, social workers, and psychologists  [  89  ] . 
Interdisciplinary teams are likely to be of particular value in early identi fi cation of patients at risk for 
long-term PN dependency, the  fi rst step toward avoiding severe complications. Close monitoring of 
nutritional status, steady and early introduction of enteral nutrition, and aggressive prevention, diag-
nosis, and treatment of infections such as catheter-related sepsis and bacterial overgrowth can 
signi fi cantly improve the prognosis  [  9  ] . 

 One study described nutritional outcomes and resource consumption of ten children with infantile 
SBS followed by the interdisciplinary SBS team  [  97  ] . Management of these children makes a substan-
tial claim on health care resources, with an average total cost of €269,700 per patient. The costs were 
mainly comprised of hospital admissions (82%), with many of the readmissions being caused by 
(central catheter-related) sepsis. This study concluded that Home PN and interdisciplinary manage-
ment reduces the risk of sepsis  [  97  ] . 

 As the costs mainly comprise hospital admissions, early HPN could contribute to cost reduction. 
Systematic nutritional strategies are essential to wean SBS patients off PN as soon as possible and 
thus prevent, delay, or reverse complications such as PNALD. Interdisciplinary teams have the poten-
tial to facilitate early HPN and to optimize growth by tailor-made treatment. The interdisciplinary 
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team should be involved in the treatment immediately after the initial surgical intervention so that 
continuity of care can be guaranteed. Moreover the team can educate parents in HPN as soon as pos-
sible, which enables early discharge of these patients with concomitant reduction in costs and improve-
ment of quality of life for patients and their families. Improved care has led to increased survival rates 
of infants with SBS, but little information is available on the long-term impact of infantile SBS on 
growth and physical development. One study showed that patients 5–30 years after infantile SBS had 
shorter stature, low bone mineral content, but normal weight for height and percentages of body fat 
 [  98  ] . This might be explained by the low energy intake and intestinal bowel dysfunction reported  [  98  ] . 
These results show that continuing follow-up into adulthood is important even after subjects have 
reached nutritional autonomy.  

   Conclusion 

 The management of SBS is complex and should be in care of the interdisciplinary team. Cyclical PN 
may commonly be provided as soon as metabolic status allows it. The type of parenteral fat should be 
considered in order to avoid or treat PNALD. Enteral feeding should be started as soon as possible and 
breast milk is the preferred type of nutrition. It is recommended that enteral nutrition should be admin-
istrated in a continuous fashion. Multicenter prospective studies on the effects of feeding strategies on 
bowel adaptation, fecal production, linear growth, and clinical outcome are required to  fi nd the opti-
mal feeding regimen in children with SBS.      
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      Key Points 

       Percutaneous endoscopic gastrostomy is a safe, effective means of maintaining enteral nutrition in • 
the medium to long term in infants and children who are unable to maintain adequate oral nutri-
tional intake.  
      Minor complications such as wound infection or erythema and granulation tissue are common and • 
easily treated.  
      Serious complications are uncommon and include injury to intra-abdominal viscera during • 
insertion and separation of the stomach from the abdominal wall which may occur when chang-
ing the PEG to a low-pro fi le device. Appropriate precautions can minimise the risk of these 
complications.      

  Keywords   Gastrostomy  •  Endoscopy  •  Enteral feeding  •  Complications  •  Nutrition  

      Introduction 

 Children who are unable to maintain adequate nutrition due to poor oral intake require enteral feeding 
 [  1–  4  ] . In this situation, a clinical judgement is usually made between either nasogastric feeds or gas-
trostomy. The decision hinges on the bene fi ts of a long-term gastrostomy versus the risks of the pro-
cedure  [  5  ] . Nasogastric feeds are often commenced initially, and a decision to proceed with gastrostomy 
occurs when it becomes clear that longer-term or permanent enteral feeding is required. The common-
est reason for gastrostomy placement in children is neurological disability (congenital or acquired 
brain injury), followed by other indications such as congenital heart disease, chronic lung disease, 
cystic  fi brosis, congenital malformations that prevent swallowing and malignancy  [  6,   7  ] . 

 Gastrostomy can be achieved surgically, laparoscopically, radiologically, or endoscopically. 
Percutaneous endoscopic gastrostomy (PEG) is widely used as it has the advantage of visualisation of 
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the insertion site both internally and externally, requires minimal tissue damage and is relatively safe 
if performed carefully by an experienced operator. PEG was initially described as a method of gas-
trostomy placement for children who were unsuitable for laparotomy  [  8  ] . Subsequent experience has 
con fi rmed that this is a suitable method for insertion of a gastrostomy  [  9–  12  ] . It is the method of 
choice if no other intra-abdominal procedure is required. 

 This chapter details the principles of insertion and emphasises the common problems that may be 
encountered.  

   Practice and Procedures 

   Pre-operative Preparation 

   Patient Evaluation 

 In children with gastro-oesophageal re fl ux, strong consideration should be given to undertaking an 
anti-re fl ux procedure at the time of gastrostomy. Evaluation with oesophageal pH or impedance 
manometry may be helpful in identifying these patients. Pre-operative dysphagia or aspiration on 
modi fi ed barium study was associated with need for further anti-re fl ux procedure following PEG  [  7  ] . 
Previous surgery may be a contraindication to insertion of a PEG because of the risks of interposition 
of an organ (usually liver) or viscus (usually colon) between the abdominal wall and the stomach. This 
complication can still occur without any previous surgery  [  9  ] . PEG can be safely performed in small 
infants  [  13  ] .  

   Patient and Caregiver Information 

 The risks and bene fi ts of the procedure are discussed so that the child and parent/caregiver understand 
and are able to give informed consent  [  14  ] . Post-operative complications are reported in 12–20% of 
large paediatric series, with most being minor such as wound infection or erythema, or granulation 
tissue  [  6,   7,   15  ] . Careful attention to detail ensures the risks of the procedure are minimised  [  16  ] . The 
parent/caregiver should discuss the details of the feeding regimen with the dietitian and/or nurse to 
ensure that all additional equipment is available prior to insertion of the PEG, and caregivers know how 
to use it safely. An opportunity to meet with other parents and children who have a gastrostomy may 
be bene fi cial. The impact on caregiving time, family routine and relationships, and attitudes towards 
gastrostomy feeding should be explored since these can be signi fi cant and require speci fi c support  [  17  ] . 
Written information about PEG care and troubleshooting should be provided, and an accessible 
contact person for problems, such as an experienced nurse should be identi fi ed.  

   Nutritional Requirements 

 The feeding regimen should be chosen beforehand so that this can be implemented once the PEG is 
in situ. Involvement of a dietician is important to ensure that energy, macronutrient and micronutrient 
needs of the child are met. Alternatives include infant formula, liquid enteral feeds, and ordinary food 
processed in a blender. This decision in fl uences the size of the PEG inserted. If a child is to receive 
continuous feeds a feeding pump is needed.  
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   Fasting and Wound Site Preparation 

 The children should be fasted for the time consistent with local hospital practice. Pre-operative anti-
biotic prophylaxis has been shown in meta-analyses of randomised trials to signi fi cantly reduce post-
operative wound infections (number needed to treat of 8), with penicillin and cephalosporin antibiotics 
having similar ef fi cacy  [  18  ] . The site for insertion of the PEG is selected pre-operatively and marked 
on the anterior abdominal wall. This position is normally mid-way between the umbilicus and the 
costal margin in the mid-clavicular line (Fig.  5.1 ). Preparation of the skin with an iodine-containing 
solution just prior to departure for the operating suite may minimise the risks of wound infection.   

  Fig. 5.1    Insertion site 
of the PEG       
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   Operating Room Procedure Instruments Required 

 There are a large number of PEG kits available that include all the instruments necessary for insertion. 
The contents include: a PEG feeding tube with internal bumper and external bolsters, a trocar with 
removable stylet, a  fl exible-tipped guide wire, syringe, needle, and scalpel. The PEG kit that is used 
depends on the size of the child, the dimension requirements for the gastrostomy and the choice of the 
operator. The selected PEG catheter should be immersed in an iodine-containing solution prior to 
insertion to minimise post-operative wound infections. Paediatric endoscopes, with accompanying 
snare or forceps, and an a-septic trolley, with equipment for skin preparation and draping, are 
required.  

   Method of Anaesthesia 

 Opinions regarding the most appropriate technique by which a patient can achieve both adequate pain 
relief and a lack of awareness of the procedure are divided. Options include deep intravenous sedation 
or general anaesthetic. Either method should include local anaesthetic at the site of the PEG to provide 
post-operative pain relief. The patient’s needs and experience of the staff involved determine which 
method is chosen.  

   Operative Technique 

 Insertion of a PEG requires two operators: one to perform the endoscopy (the endoscopist) and one 
gloved in an aseptic manner (surgeon) to prepare the abdominal wall and insert the trocar. The proce-
dure can be performed by one operator but is more time-consuming and dif fi cult. Once in the operat-
ing room with the child placed in the supine position, the endoscopist performs a routine upper 
gastrointestinal endoscopy with biopsies of oesophagus, stomach and duodenum to con fi rm the pres-
ence of normal anatomy and to identify any additional abnormalities (e.g. oesophagitis). Then the 
stomach is in fl ated with air to ensure that it approximates to the anterior abdominal wall. At the same 
time, the surgeon prepares the abdominal wall with an iodine-containing solution. The anticipated site 
for the PEG is identi fi ed by the surgeon pressing down with an index  fi nger at the site for insertion. 
This produces an indentation on the anterior aspect of the stomach that is clearly visible to the endos-
copist. The tip of the  fl exible endoscope is directed towards this site. The bright light from the endo-
scope should be clearly visible transilluminating the abdominal wall at the prospective site of the 
insertion. If not, dim the operating room lights to allow the light to be seen more easily. If the indenta-
tion caused by the index  fi nger of the surgeon is not visible and/or if transillumination suggests an 
interposed viscus or organ an alternative site should be chosen or the gastrostomy should be inserted 
by the open technique. If proceeding with a PEG in fi ltrate the site with local anaesthetic. Make a small 
incision in the skin and introduce the trocar into the stomach. This is accompanied by a ‘pop’ as the 
trocar enters the stomach. The tip of the trocar should be visible through the endoscope. If it is not, it 
may be lying within the peritoneal cavity. The trocar should then be removed and a second attempt 
made to introduce it into the stomach. Multiple insertions should not be attempted because of the risks 
of leakage of gastric contents or pneumoperitoneum. Once successful the stylet is removed and a 
 fl exible-tipped guide wire is passed into the stomach. It is important to keep the stomach in fl ated with 
air during this time, as there is a tendency for it to de fl ate once the stylet is removed from the trocar. 
The guide wire is then retrieved, either with an endoscopic snare or forceps and then withdrawn 
through the oesophagus and mouth. The trocar is removed from the anterior abdominal wall. The tip 
of the PEG catheter is pushed over, or attached to, the guide wire and pulled down into the stomach 
and out through the abdominal wall (Fig.  5.2 ).  
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 The endoscope is returned to the stomach and the internal bumper of the PEG catheter is visualised. 
It should lie comfortably against the gastric mucosa. The external bolster is placed against the skin to 
ensure the PEG catheter is retained in position. The bolster should not be too tightly applied as this 
leads to skin and gastric mucosal ischaemia predisposing to infection at the site of insertion. The 
endoscope is removed at completion of the procedure.   

   Post-operative Care 

 The PEG can be used early after insertion, with no increase in complications when used  £ 3 h of inser-
tion compared to delayed use  [  19  ] . A crystalloid solution is often used initially, and allows appropriate 
 fl uid balance to be maintained in the immediate post-operative period, before changing to the desired 
feed. The patient should avoid oral intake in the early post-operative period until the PEG is function-
ing without complication. 

 Despite the smaller incision required for insertion of a PEG, the wound is often painful post-
operatively. After the local anaesthetic has ceased to provide pain relief, provision should be made for 
administration of adequate analgesia. Opiates, as an intravenous infusion may be required during the 
 fi rst 24 h. 

  Fig. 5.2    Overview of operative technique       
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 Once the patient is stable and recovered from the anaesthetic, a regime of gastrostomy feeds can be 
commenced. Parents need instruction on use of the catheter and how to vent the catheter in the event 
of gastric dilatation. Parents and or the patient should be given instructions on meticulous cleaning of 
the PEG catheter around the insertion site. This helps prevent wound infection and subsequent granu-
loma formation. The feeding catheter must be rotated at regular intervals (daily for two weeks) to 
maintain mobility within the gastrostomy. This helps prevent submucosal migration of the internal 
bumper. 

 The PEG may be replaced by a low-pro fi le device when the stomach has adhered  fi rmly to the 
abdominal wall, typically after 3–6 months. The highest risk of separation of the stomach from the 
abdominal wall occurs at the time of the  fi rst change from PEG to low-pro fi le device. It is recom-
mended that this occurs under endoscopic vision.   

   Discussion 

   Common Problems and Possible Solutions 

   Operative and Early Post-operative Problems (Within 6 h) 

     • Dif fi culty in manipulating the tip of the endoscope directly underneath the site selected for insertion 
of the PEG : once a ‘j’ shape is obtained, rotation of the endoscope often brings the tip around to 
the position required. Insertion of too great a length of the endoscope adversely affects the 
position.  
   • Failure to introduce the trocar into the stomach : this results in a false passage into the peritoneum. 
Make sure the stomach is fully in fl ated against the abdominal wall. Ensure that the trocar is intro-
duced at an angle pointing slightly upwards and towards the xiphisternum. A  fi rm sharp push 
ensures puncture of the stomach rather than allowing the tip of the trocar to de fl ect off the external 
stomach wall.  
   • Dif fi culty passing the PEG catheter through the oesophagus : this occurs particularly in smaller 
children. Ensure that the guide wire runs freely,  fl exible tip  fi rst, and that the external diameter of 
the PEG catheter selected is not too great for the oesophagus.  
   • Interposed viscus or organ : this can be avoided by ensuring that the indentation caused by an index 
 fi nger is clearly visible and that no tissue is visible on transillumination of the abdomen.  
   • Post-operative bleeding : the superior epigastric artery can be visualised by transillumination of the 
abdomen and should be avoided; multiple passes with the trocar should not be performed.  
   • Surgical emphysema or pneumoperitoneum : persistent surgical emphysema or pneumoperitoneum 
suggests perforation of a viscus. If the distance between the internal bumper and the external bolster 
is greater than the anticipated depth of the abdominal wall this supports interposition of a viscus.  
   • Post-operative pain : local anaesthetic should be instilled in the wound pre-operatively and ade-
quate post-operative analgesia should be prescribed (Table  5.1 ).      

   Post-operative Problems (1 week) 

     • Post-operative wound infection : the risk of this complication can be minimised with routine pre-
operative antibiotic prophylaxis, aseptic preparation of the abdominal wall during insertion, anti-
septic coating of the PEG catheter with an iodine solution, and by avoiding excessive pressure 
between the internal and external components of the PEG. Treatment of established infections, 
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which are often due to skin organisms, may require intravenous antibiotics and should be guided 
by microbiological culture of wound swabs.  
   • Submucosal migration of the internal bumper : the risk of this complication can be reduced by 
rotating the PEG catheter daily for 2 weeks after insertion. If established, it may require removal 
and device reinsertion.     

   Late Post-operative Problems (Weeks or Months Later) 

     • Granulation tissue at the site of the PEG : granulation tissue forms where tissue healing is pro-
longed, and may be painful, or lead to bleeding. Factors that may contribute to this are friction 
from the device being too loose, excessive leakage, or a foreign body reaction to the device itself. 
After correcting contributing factors, granulation tissue can be treated with careful direct applica-
tion of silver nitrate, paw-paw ointment or topical corticosteroid such as hydrocortisone or triam-
cinolone cream.  
   • Leakage around the PEG catheter : this may be due to granulation tissue (see above) or if a poor-
 fi tting low-pro fi le device has been inserted. It is unusual with a PEG, and rarely may be due to 
damage to the PEG itself.  
   • PEG catheter extrusion : this may occur with accidental traction, particularly in the setting of infec-
tion. It is important that a device is replaced as soon as possible so that the tract does not close 
spontaneously (can occur rapidly particularly if the PEG has been inserted within the previous 6 
weeks). Parents should be supplied with a replacement catheter of appropriate size so that this can 
be inserted to maintain the patency of the tract until de fi nitive replacement can occur. If within the 
 fi rst 6 weeks of PEG, when there is a risk of separation of the stomach and abdominal wall with 
tube reinsertion, this should only be attempted by an experienced practitioner.  
   • PEG catheter migration : the catheter can migrate internally if the external bolster slips. 
Complications include obstruction of the pylorus. The tube should be pulled back and bolster 
re-positioned.  

   Table 5.1    Common problems and possible solutions with the percutaneous gastrostomy technique   

 Problem  Action 

 Identifying correct site for PEG  Check for interposed viscus or organ 
 Position endoscope in ‘j’ shape and rotate endoscope 
 Avoid inserting too much endoscope 

 Failure to introduce trocar into stomach  Fully in fl ate stomach 
 Angle trocar towards xiphisternum 
 Push trocar  fi rmly into stomach 

 Post-operative wound infection  Antibiotic prophylaxis 
 Soak catheter in iodine-containing solution 
 Avoid tension under the external bolster 

 Granulation tissue at PEG site  Frequent local cleaning with iodine-containing solution 
 Topical application of paw-paw ointment or 1% hydrocortisone cream 
 Cautery to granulation tissue 

 Leakage around PEG  Treat granulation tissue 
 Decrease feeding rate 

 PEG catheter submucosal migration  Rotate catheter daily for 2 weeks 
 PEG catheter migration with gastric 

outlet obstruction 
 Withdraw and reposition PEG catheter comfortably adjacent to 

stomach wall (1–2 cm) 
 PEG catheter extrusion  Treat wound infection if necessary; remove PEG catheter and replace 

with another 
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   • Gastro-oesophageal re fl ux : ideally this is identi fi ed prior to PEG placement, but it may develop 
 de novo  following PEG. There is a lack of prospective paediatric studies to address the relationship 
between PEG and re fl ux, with con fl icting retrospective data. This does seem to be more likely in 
children with neurological disability, or with large bolus feeds. Management options include anti-
secretory or prokinetic medications, jejunal feeding or surgical anti-re fl ux procedures.       

   Conclusion 

 PEG is a simple and effective method of securing long-term access for enteral feeding in children who 
cannot maintain necessary oral intake. With careful attention to pre-, intra-, and post-operative care, 
it is very safe.      
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      Key Points 

    25% of Crohn’s disease presents in childhood and may present with a variety of symptoms.  • 
  Poor growth can be the only presenting feature.  • 
  Nutritional impairment at diagnosis can be quite profound, and may include severe malnutrition.  • 
  Nutritional intervention alone (exclusive enteral nutrition—EEN) can reduce clinical symptoms, • 
improve biochemical markers of in fl ammation and resolve mucosal in fl ammation.  
  EEN is not suitable for all children; however children receiving other treatments are likely to need • 
adjuvant nutritional support     

  Keywords   Nutrition  •  Exclusive enteral nutrition  •  Crohn’s disease  •  Paediatrics  •  In fl ammation  

      Nutritional Support in Crohn’s Disease 

 Crohn’s disease is characterised by transmural in fl ammation located at any point within the gastro-
intestinal tract from mouth to anus. Crohn’s disease is diagnosed by histological  fi ndings in individu-
als with compatible clinical history and examination. The hallmark feature of Crohn’s is discontinuous 
in fl ammation with associated non-caseating granulomata. 

 Up to 30% of Crohn’s disease is diagnosed before the age of 20 years  [  1  ]  with an incidence of 
approximately 3 per 100,000 children aged under 16 years  [  2  ] . It is a lifelong condition and typically 
follows a chronic relapsing disease course. Symptoms depend on disease location. Small bowel dis-
ease tends to give vague symptoms of abdominal pain, poor appetite and lethargy. Colonic disease is 
associated with bloody diarrhoea and pain prior to defecation. Many children are often short for their 
age and underweight for their height, particularly at diagnosis. These de fi cits can persist into adult-
hood if children fail to adequately “catch up” with periods of increased height and weight velocity. 

 The classical triad of presenting features are abdominal pain, diarrhoea and weight loss. In the 
British Paediatric Surveillance Unit survey this triad was seen in only 25% of children  [  3  ]  (Fig.  6.1 ). 

    Chapter 6   
 Nutritional Support in Crohn’s Disease       
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Abdominal pain was the commonest symptom occurring in 75%, nearly 60% had weight loss preced-
ing diagnosis, 56% of children had diarrhoea while only 45% reported both diarrhoea and weight loss. 
The median age of onset of symptoms was 11.8 years with median age at diagnosis of 12.9 years. The 
presence of symptoms such as abdominal pain, weight loss, diarrhoea, fever, nausea, aching joints and 
vomiting that are recurrent (>2 episodes in 6 months) or persistent (>4 weeks) should raise the suspi-
cion of in fl ammatory bowel disease  [  4  ]   

 Crohn’s disease is a clinicopathological diagnosis. Further investigation includes gastroscopy, ileo-
colonoscopy and small bowel radiology. Other than history and examination several markers are of 
use to clinicians to determine which children require endoscopy. These include acute phase reactants 
such as C-reactive protein (CRP), Erythrocyte sedimentation rate (ESR) and platelet count, which in 
keeping with chronic in fl ammation are generally raised; haemoglobin and albumin which are often 
low re fl ecting persisting in fl ammation and/or poor nutrition; and raised markers of intestinal 
in fl ammation such as faecal calprotectin and lactoferrin. Imaging techniques such as contrast radiol-
ogy, abdominal ultrasound and more recently magnetic resonance enteroclysis are helpful at identify-
ing areas of bowel thickening suggestive of in fl ammation and strictured areas which can either be 
in fl ammatory or  fi brotic.  

   Nutritional De fi cits 

 The aetiology of poor nutrition in children with Crohn’s disease is multifactorial  [  5  ]  (Fig.  6.2 ). Poor 
intake, altered metabolism and nutrient requirements, and increased nutrient losses from the gut may 
all play a part. Fundamental to this process is the impact of the in fl ammatory response.  

   Height 

 A decline in height SDS during the 5 years preceding diagnosis with Crohn’s has been demonstrated 
using growth records recorded throughout childhood  [  6  ] . Only 12% of children maintain a normal 

  Fig. 6.1    Features of Crohn’s 
disease at diagnosis  [  3  ] . With 
permission from Archives of 
Disease in Childhood       
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height velocity up to diagnosis  [  7  ]  and in approximately 40% of patients a decrease in height velocity 
is found before the onset of gastro-intestinal symptoms. This demonstrates a disparity between overt 
symptoms of disease and anthropometric changes. 

 At diagnosis stunting is not unusual; height SDS <−2 has been shown in approximately 10% of 
children  [  8,   9  ]  but this does not always resolve with treatment. In one cohort 7% of children 6 years 
after diagnosis had height SDS <−2  [  9  ] . Retrospective cohort studies demonstrate that between 20 and 
85% of children fail to achieve satisfactory adult height  [  10,   11  ]  although growth can continue into 
the late teens.  

   Weight and BMI 

 Weight loss occurs in approximately 58% of children with Crohn’s at diagnosis  [  3  ]  and signi fi cant 
weight de fi cits (SDS <−2) are found in 30%  [  9  ] . As weight de fi cits are more profound than height 
de fi cits, abnormalities in weight for height SDS or BMI for age SDS are more marked than de fi cits in 
weight or height alone  [  6  ] . These de fi cits also persist with treatment and in the cohort reported by 
Vasseur, 15% of children under follow-up had BMI SDS <−2  [  9  ] . Overweight has also been reported 
in children with Crohn’s disease. Data from the ImproveCareNow Collaborative has shown that nearly 
20% of children with Crohn’s are overweight or obese (BMI > 85th centile)  [  12  ] . However in the USA 
the prevalence of overweight/obesity in children with Crohn’s at diagnosis is not as high as the gen-
eral population  [  13  ] .  

   Body Composition 

 Measurements of lean mass for age have been reported in several studies using a variety of methods 
 [  14,   15  ]  although these measurements are not always adjusted for height. A child could appear to have 

  Fig. 6.2    Aetiology of poor nutrition in Crohn’s disease       
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a low lean mass simply because they are short; therefore height is an important confounder which does 
require consideration. Thayu et al., found reduced lean mass for height SDS in both boys and girls but 
the de fi cits were more profound in girls  [  16  ] . In studies of children under follow-up there is a sugges-
tion that lean mass is reduced more than fat mass  [  17–  19  ]  and that the low lean mass SDS found at 
diagnosis persists during treatment  [  15  ]  despite some initial improvements in the  fi rst 6 months  [  20  ] . 
The in fl uence corticosteroids have on body composition in these children is unclear. Setongo found that 
changes in fat mass were associated with steroid exposure  [  19  ]  while other studies have found no such 
association  [  14,   18,   20  ] . It is of interest that cumulative markers of disease activity have shown no 
association with lean mass for height SDS  [  18  ] . Lean mass de fi cit may be related to disease activity 
 [  21  ]  but it appears that it may not always correct with treatment of the underlying disease. The factors 
implicated in this de fi cit are not clearly described. Understanding the mechanisms for these changes 
may lead to better interventions to promote more healthy patterns of growth. 

 Adequate lean mass, especially muscle mass, is important for the development of bone mineral 
density in childhood. Bone is an important constituent of fat free mass. Osteopenia and osteoporosis 
are common problems in children and adults with Crohn’s disease. Vertebral fractures secondary to 
osteoporosis can occur, even in children who have not received corticosteroids. Assessment of bone 
density in childhood requires correction for reduced bone mass which may in part be due to poor 
linear growth. Alterations of the standard used can change the prevalence of osteopenia from 65 to 
22%  [  22  ] . However, studies suggest that de fi cits in cortical bone detected at diagnosis persist in chil-
dren despite treatment, while trabecular bone de fi cits improve but are not resolved  [  20  ] .  

   Micronutrients 

 Multiple micronutrient or trace element de fi ciencies have been reported in children and adults with 
Crohn’s disease. Many of these trace elements are either positive or negative acute phase reactants and 
so measurement during times of active disease must be interpreted with caution. However some stud-
ies have shown de fi cits of nutrients even in disease remission  [  23  ] . One of the more widely studied 
micronutrients is iron. In paediatric cohorts iron de fi ciency is thought to be responsible for between 
40%  [  24  ]  and 88%  [  25  ]  of the cases of anaemia in children with In fl ammatory Bowel Disease which 
in turn has a prevalence ranging from 41%  [  24  ]  to 70%  [  25  ] .   

   Nutritional Treatment 

 It is remarkable that remission in Crohn’s disease can be achieved by a combination of bowel rest 
and provision of suitable nutrients. Exclusive enteral nutrition (EEN) is the administration of either 
a polymeric or elemental low residue feed as sole nutrient intake for 6–8 weeks. The patient is 
allowed water to satisfy thirst, but does not eat anything else. Both parenteral nutrition (PN) and 
EEN therapy have been shown to improve symptoms of Crohn’s disease and downregulate the 
immune response  [  26,   27  ] . How these routes of nutrition administration work to achieve reduction 
in in fl ammation is unclear. In vitro studies suggest that provision of nutrients to cell cultures improve 
intestinal barrier function and alter the activation of mononuclear cells  [  28  ] . Other work shows a 
decrease in cytokine production in gut mucosa of patients receiving EEN  [  29  ] . Bacteria within faecal 
ef fl uent are implicated in the pathogenesis of Crohn’s and it has been shown that EEN alters gut  fl ora 
alongside improvements in disease activity with effects lasting longer than the treatment period 
itself  [  30  ] . 
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   Exclusive Enteral Nutrition 

 The use of EEN as treatment for Crohn’s was  fi rst reported in adult series  [  31,   32  ] . By the middle of 
the 1980s, EEN was widely used in the UK as primary therapy in children with Crohn’s and has sub-
sequently been demonstrated to induce endoscopic and histological remission  [  33  ] . Meta-analysis of 
six trials ( fi ve in adult populations) that included 192 patients treated with enteral nutrition and 160 
treated with steroids favoured steroid therapy  [  34  ] . However, the single paediatric study in this meta-
analysis showed equal ef fi cacy of EEN to steroids but clear bene fi ts in mucosal healing in favour of 
the EEN group  [  35  ] . A meta-analysis of 144 children with Crohn’s found no difference in remission 
rates at 8–10 weeks in those treated with EEN compared to steroids. In addition two randomised con-
trolled trials of EEN vs. corticosteroids demonstrate clear bene fi ts in linear growth for those receiving 
EEN  [  36,   37  ] . However partial enteral nutrition (50% of calories as EN) does not have the same 
bene fi ts as EEN  [  38  ] . For some time there was debate whether EEN using elemental formula (com-
prised of amino acids) was of greater bene fi t than EEN using polymeric (whole protein) formula. 
Meta-analysis of ten trials comprising 334 patients has demonstrated no difference in the ef fi cacy of 
elemental vs. non-elemental formulas  [  34  ] . 

 One commonly encountered clinical question is whether the remission achieved with EEN is as 
long lasting as remission achieved by corticosteroids. Over the  fi rst year relapse rates are similar in 
children who receive EEN compared to steroids  [  39  ] . Over 5 years of follow-up time to  fi rst relapse has 
been shown to be shorter in children treated with EEN compared to steroids; however these children 
received a very short EEN course of only 3 weeks  [  40  ] . In a retrospectively studied cohort of 40 
children who responded to EEN, 25 relapsed with a median duration of remission of 54.5 months 
 [  41  ] . 

 Following the success of EEN as a treatment of active Crohn’s disease the role of EN as mainte-
nance therapy has been explored. One randomised controlled trial compared partial EEN (half daily 
allowance of calories as elemental feed) to free diet in a group of adults with Crohn’s concurrently 
receiving Mesalazine who had achieved remission by TPN, EEN, in fl iximab or corticosteroids. This 
study was stopped early as rate of relapse was signi fi cantly higher in those on free diet  [  42  ] . This 
observation is supported by another adult cohort where 48% of those on maintenance EEN remained 
in remission at 12 months compared to 22% who did not  [  43  ] . In children Wilschanski et al. found 
higher relapse rate at 12 months in those who decided not to continue EEN after obtaining remission 
compared to those who continued a nocturnal EEN feed  [  44  ] . In addition Verma et al. demonstrated a 
reduced steroid requirement in adults with steroid-dependent disease remission who had concurrent 
partial EN  [  45  ] . However in clinical practice, maintaining 50% of calorie intake as EN over the course 
of 1 year is hard to achieve. 

 Recent research has examined the role of EN as adjunctive therapy to other treatments particularly 
in fl iximab. Tanka demonstrated greater improvements in the disease score in those treated with partial 
EN and in fl iximab over 16 weeks for active disease compared to those treated with in fl iximab alone 
 [  46  ] . However a retrospective study found no difference in ef fi cacy  [  47  ] . Similarly those in disease 
remission on maintenance in fl iximab had no difference in rate of relapse over 56 weeks whether they 
received concurrent partial EN or not  [  48  ] .  

   Parenteral Nutrition 

 Initial reports of the utility of parenteral nutrition as primary therapy for Crohn’s disease were mixed, 
possibly re fl ecting several cohorts which contained Crohn’s and Ulcerative Colitis patients. Ten years 
of PN experience was described by one centre in 1978. They found that almost 40% of patients with 
refractory disease responded to PN and that 43% of  fi stulae closed spontaneously while on PN  [  49  ] . 
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However PN was not widely accepted as primary therapy because of the complexity of administration 
and the fact that relapse rates were felt to be higher than conventional treatment  [  50  ] . PN was however 
shown to reduce the need for urgent surgery when used alongside other treatments for acute severe 
colitis  [  51  ] . Currently the use of parenteral nutrition is restricted to those unable to tolerate enteral 
feed and those who require peri-operative nutrition support.   

   Clinical Practice 

   Nutritional Assessment 

 Prior to initiation of nutritional therapy a thorough investigation of disease activity and extent should 
be performed. In addition a nutritional assessment should be completed. A dietary history including 
history of weight loss helps to identify the extent and duration of poor dietary intake. In combination 
with a physical assessment this will give clues to the likelihood of re-feeding syndrome which has 
been described in children with Crohn’s disease receiving EEN  [  52  ] . Those with minimal intake for 5 
days, signi fi cant weight loss or low serum potassium/phosphate should be considered at risk of re-
feeding syndrome and should have feed introduced gradually with biochemical monitoring  [  53  ] . 
Height and weight should be documented and plotted on relevant growth charts. Ideally assessment 
of fat and fat free mass should be performed either by skinfolds or bioelectrical impedance. DXA 
should be considered. Interpretation of all body composition measures requires an assessment of 
pubertal status. Careful evaluation of the effect of the nutritional intervention is desirable to allow 
tailoring of the prescription to the individual and to avoid increasing adiposity. In order to do this 
regular assessment of height and weight coupled with measures of fat and fat free mass should be on-
going. Evaluation of changes in appetite and physical activity is helpful to ensure adequate prescrip-
tion of calories, nutrients and micronutrients.  

   Exclusive Enteral Nutrition 

   Who Should Receive EN? 

 There is a lack of evidence on disease location and the ef fi cacy of EEN as primary therapy, particu-
larly in relation to isolated colonic disease where studies show a lack of concordance  [  44,   54  ] . In 
practice EEN is used widely in children with ileal disease seen at endoscopy regardless of the pres-
ence of colonic disease. Children with marked nutritional de fi cit regardless of disease location are 
also likely to bene fi t from EEN as adjunctive therapy to help achieve appropriate nutritional restitu-
tion and facilitate “catch up growth” alongside disease remission.   

   Treatment Regimen 

 As primary therapy the dose of EEN should be tailored to the individual patient. Initial prescription 
can be made from Estimates of Average Requirements from dietary reference manuals, or from mea-
surements of resting energy expenditure and physical activity. In practice 100–120% of the require-
ment is given with increasing amounts as physical activity levels increase. If the risk of re-feeding 
syndrome is thought to be high a starting dose of 50% of requirement may be used and gradually 
increased to the full amount with monitoring of serum electrolytes and body weight. 

 Treatment courses of EEN lasting between 4 and 8 weeks have been used as primary therapy in 
research studies although no de fi nitive study has been performed to identify optimum treatment 
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 duration. A 6–8-week course of six drinks daily is widely used. In practice, children feel initial bene fi ts 
of treatment within the  fi rst week which helps motivate them to continue. Improvement in in fl ammatory 
markers usually occurs within 2 weeks  [  27  ] . If the child does respond then the course should be con-
tinued until symptoms resolve completely even if that is longer than 8 weeks. The vast majority of 
children tolerate EEN by mouth. Palatability is improved by using a variety of sugar-free  fl avourings 
and ensuring that drinks are kept cold. A number of children prefer to have EEN administered via a 
naso-gastric tube with feeds given by bolus.  

   Food Re-introduction 

 Phased food re-introduction begins at the end of the treatment course and takes approximately 2–4 
weeks to complete. During this period enteral nutrition is gradually weaned to ensure nutritional 
requirements are met. In our centre 4 stages are progressed through each lasting 5 days. Stage 1 intro-
duces plain, low  fi bre foods such as  fi sh or chicken, but is dairy and wheat free; children usually drop 
one drink of EEN. Stage 2 permits wheat, but remains dairy free. EEN is reduced to three drinks daily. 
In Stage 3 dairy is introduced; over 5 days children progress from cooked hidden dairy (cakes and 
biscuits) through chocolate and cheese to milk alone. Stage 4 liberates the diet to everything the fam-
ily normally eat. If children develop symptoms such as abdominal pain or nausea, they return to the 
previous stage of food re-introduction at which they had no problems and then try again after another 
5 days have elapsed. In our experience food intolerance is rare during return to normal diet. If prob-
lems are found they are more likely to be a general problem, potentially associated with early disease 
relapse than a response to a speci fi c food group. Children with profound de fi cits in height or weight 
at diagnosis are encouraged to continue some EN (2–3 drinks daily) for several months in addition to 
normal diet to help facilitate “catch up” growth. A multi-disciplinary team approach is integral to the 
success of EEN treatment with input from dieticians, specialist nurses and physicians.  

   When EEN Does not Work 

 Children usually feel a clinical improvement from EEN during the  fi rst week of treatment. If this does 
not occur and the symptoms the child had at presentation do not settle, then the child should be started 
on an alternative treatment. Even in children whose disease location would suggest that EEN should 
work, it is important to recognise that up to 20% may not respond. However the child may still bene fi t 
from nutritional support in order to facilitate nutritional restitution and growth. 

 Another indicator of whether therapy is effective is weight gain. While malnourished children may 
initially lose weight with treatment as  fl uid is redistributed within body compartments, most children 
will start to gain weight within the  fi rst 10 days of treatment. If not and EEN does appear to be work-
ing then poor weight gain may be due to inadequate intake, which may be due to poor compliance, 
inadequate prescription or poor tolerance of the feed. Each of these issues requires speci fi c interven-
tion from members of the multi-disciplinary team.  

   Alternative Therapeutic Options 

   Induction of Remission 

 In the UK treatment of children with Crohn’s follows national  [  55  ]  and European guidelines  [  56  ] . 
Corticosteroids are the main alternative to EEN for establishing disease remission. Intravenous 
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 hydrocortisone is used for more severe cases while oral prednisolone is most widely used. Budesonide 
is effective in some cases with less systemic toxicity  [  57  ]  but its use is not widespread. Intravenous 
hydrocortisone is given for 3–5 days before converting to oral prednisolone providing there has been 
symptomatic and biochemical improvement. Oral prednisolone is started at a high dose (2 mg/kg, 
max 40 mg) for 1–4 weeks before tapering the dose over 4–8 weeks depending on the response. 
Children being treated with steroids should have adequate dietary intake of calcium and vitamin D 
therefore supplements may be required. In addition acid suppression may be needed in children with 
Crohn’s disease involving the upper gastro-intestinal tract. In children with more resistant disease 
who have failed to respond to EEN and/or corticosteroids other alternatives include thiopurines, bio-
logics or surgery. 

 A recent meta-analysis examined the use of Azathioprine or 6 mercaptopurine for induction of 
remission in Crohn’s  [  58  ] . Eight studies of adult patients were included. The authors concluded that 
these drugs were successful in treating active disease with a number needed to treat (NNT) of 5. The 
NNT to observe one adverse effect of therapy (fever, leukopenia, pancreatitis, nausea) in a patient is 
14. It is recommended to measure thiopurine methyl-transferase (TPMT) activity prior to initiating 
treatment. About 10% of individuals have low to intermediate levels of TPMT activity and are there-
fore thought to be at increased risk of immuno-suppression from myelotoxicity. 

 Methotrexate is not commonly used; however there is some evidence that administration by weekly 
intra-muscular injections may be of bene fi t in patients resistant to treatment with corticosteroids  [  59  ] . 

 In fl iximab is a mono-clonal antibody against tumour necrosis factor alpha, 75% of the antibody is 
derived from human IgG and the rest from murine sources. In the REACH study, children with Crohn’s 
who had active disease despite treatment with azathioprine or other immunomodulator received 
in fl iximab by intravenous infusion at 0, 2 and 6 weeks. At 10 weeks 99 of 103 children had shown 
clinical improvement with 66 found to be in clinical remission  [  60  ] . Pre-treatment screening for expo-
sure to tuberculosis is important as in fl iximab therapy is associated with increased risk. As a mini-
mum a clinical history and chest X-ray should be performed. The formation of antibodies to in fl iximab 
may trigger acute infusion reactions and delayed onset reactions and a dose of hydrocortisone with 
each infusion may minimise this. The largest concern with in fl iximab is the risk of malignancy par-
ticularly that of hepato-splenic t cell lymphoma which although rare is usually fatal. It is unclear 
whether this is related to life time exposure to the drug and therefore if children are at increased risk. 
Adalimumab is a mono-clonal antibody against tumour necrosis factor alpha but is entirely human in 
origin and is administered by sub-cutaneous rather than intra-venous injection. It is currently used in 
children who exhibit poor response to in fl iximab. 

 Surgery is still felt to be the last resort for treatment of Crohn’s disease in childhood; however it 
can be very effective with minimal adverse events. It is not widely used in children at induction of 
remission and is usually reserved for those with complications such as  fi stulae or abscess. In refrac-
tory disease signi fi cant catch-up growth after surgery in adolescents is well recognised  [  61,   62  ]  
although the recurrence risk is high.   

   Maintenance of Remission 

 Close follow-up of children including regular growth monitoring is required to ensure that disease 
remains controlled after induction of remission. There is no place for corticosteroids as maintenance 
therapy and there is very limited evidence to support the use of aminosalicylates for maintenance of 
remission  [  63  ] . The ef fi cacy of thiopurines was con fi rmed by meta-analysis of seven studies which 
demonstrated an NNT of 6 for azathioprine to maintain disease remission  [  64  ] . Azathioprine and 6 
mercaptopurine (6MP) are the most widely used agents in paediatric IBD. Regular blood monitoring 
can be used to adjust dosing schedule and to monitor compliance as well as to observe for myelotoxicity. 
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Maintenance anti-TNF is becoming increasingly common for those with severe disease. The REACH 
study suggested that children with infusions every 8 weeks were more likely to maintain remission than 
those treated 12 weekly  [  60  ] . While arguably not a maintenance treatment, surgery does play a role in 
the management of children with persistent growth de fi cits with or without the presence of gastro-
intestinal symptoms.   

   Summary 

 Nutritional impairment in children with Crohn’s disease is common but is not universal. Poor nutri-
tional state (manifest by de fi cits in height and weight) is most likely at diagnosis but may persist 
despite many years of disease treatment. Overweight and obesity can also occur. 

 Exclusive enteral nutrition can reduce clinical symptoms, and improve biochemical markers of 
in fl ammation. In children this treatment is as effective as steroids with more positive impacts on linear 
growth and mucosal healing. 

 Alternative treatment options include corticosteroids and other immune-suppressants; however 
adjuvant nutritional support is likely to be of bene fi t to most children.      
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      Key Points 

       The liver’s central role in energy metabolism means that children with chronic liver disease may • 
have signi fi cant failure of growth and development in the long term.  
      Insuf fi cient dietary intake and malabsorption of fat soluble vitamins are the most important factors • 
in the development of malnutrition in children with chronic cholestasis and are both correctable 
and preventable.  
      The key to prevention and treatment of nutritional problems in children with liver disease is close • 
multidisciplinary working team with clinicians, dieticians and nurses.  
      Accurate nutritional assessment combined with early intervention improves both short- and long-• 
term survival particularly after liver transplantation.      

  Keywords   Paediatric liver disease  •  Liver transplantation  •  Malnutrition  •  Parenteral nutrition  

      Introduction 

 The liver has a central role in energy metabolism, nutritional homeostasis and absorption of nutrients. 
Severe liver disease, whether acute or chronic, leads to multiorgan failure, which can have signi fi cant 
effects on growth and development in the long term. Malnutrition is common in infants and children 
with chronic liver disease (CLD). The pathophysiology of malnutrition in liver disease is complex and 
multifactorial and has extensive implications. Insuf fi cient dietary intake is probably the most impor-
tant factor and is correctable (Table  7.1 ). It is most severe in infants with chronic cholestatic liver 
disease, who are particularly vulnerable to the effects of malnutrition because of their high-energy and 
growth requirements  [  1  ] .  

 This chapter reviews practical points in nutrition assessment and nutritional requirements and 
provides a guide to the various nutritional interventions available for children with acute or CLD, 
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and undergoing liver transplantation. A better nutritional state is associated with better survival before 
and after liver transplantation, so that aggressive nutritional management is an important part of the 
care of these children. 

 Protein energy malnutrition (PEM) is an inevitable consequence of CLD, particularly in the devel-
oping infant. Severe malnutrition (weight and/or height <2 standard deviations below the mean) with 
loss of fat stores and muscle wasting used to affect 60% of infants with liver disease  [  2  ]  but modern 
management with early referral and diagnosis means that few children in the developed world have 
this problem, although this is not so for less developed countries. Both morbidity and mortality post 
liver transplantation are related to the degree of pre-transplant malnutrition, and thus nutritional status 
is an important risk factor for survival  [  3,   4  ] . Although the pathophysiology is not fully understood, 
there are many different mechanisms leading to malnutrition. Reduced energy intake secondary to 
anorexia and vomiting, fat malabsorption, disordered metabolism of carbohydrate and protein, 
increased energy requirements and vitamin and mineral de fi ciencies all contribute towards growth 
failure. 

 The clinician and dietician should work together to evaluate, manage and assess the response to 
treatment of nutritional de fi ciencies at regular intervals. Malnutrition may be underestimated by 
appearance alone, and the severity of the absorptive and metabolic defects may vary, so children 
should be assessed individually to determine both content and method of nutritional support. Modes 
of support will range from increased oral supplementation, enteral nutrition to parenteral nutrition 
(PN). Accurate nutritional assessment combined with early intervention and prevention of malnutri-
tion is essential and may increase survival as well as improve the quality of life and outcome after liver 
transplantation ,   [  1,   3,   5,   6  ] .  

   Reduced Energy Intake 

 Anorexia is common and may be due to ascites and hepatosplenomegaly, repeated hospital admis-
sions or dietary manipulations such as  fl uid restriction or prescription of unpalatable feeds.  

   Table 7.1    Pathophysiology of malnutrition in liver disease   

 Reduced calorie intake 
 Anorexia 
 Fat malabsorption 
 Use of bile salt resins 
 Portal hypertension 
 Unpalatable feeds 

 Inappropriate substrate utilisation 
 Abnormal nitrogen metabolism 
 Reduction in glycogen stores 
 Negative protein balance 

 Increased metabolic needs 
 Energy expenditure 
 Calorie requirements 

 Hormonal dysregulation 
 GH/IGF-1 
 Insulin resistance 
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   Fat Malabsorption 

 Fat malabsorption occurs in cholestatic liver disease, accompanied by fat-soluble vitamin and essential 
fatty acid (EFA) de fi ciencies. At least 50% of long-chain triglycerides (LCT), along with fat-soluble 
vitamins and the essential poly-unsaturated fatty acids (PUFA), may be malabsorbed due to reduced 
intraluminal bile concentration  [  7  ] . Portal hypertension, leading to congested gastric and intestinal 
mucosa, combined with small-bowel bacterial over-growth (in the presence of a Roux en Y ‘blind’ 
loop created in a Kasai portoenterostomy) may further exacerbate malabsorption, as may Cholestyramine 
(which is used to reduce pruritus) by binding bile salts. Pancreatic function is usually intact  [  7  ] , except 
for children with Alagilles syndrome in whom pancreatic lipase may be low  [  7–  9  ] . Fat malabsorption 
produces steatorrhoea, reduction in body fat stores leading to wasting and stunting, and fat-soluble 
vitamin (vitamins A, D, E and K) de fi ciency. EFA de fi ciency may lead to skin rash and hair loss  [  10  ] .  

   Hepatic Metabolism 

   Carbohydrate Metabolism 

 The liver receives portal vein blood rich in absorbed glucose, which can be stored in the liver as gly-
cogen or circulated to extrahepatic tissues, especially muscle, where lactate, pyruvate, and alanine are 
generated by glycolysis  [  11,   12  ] . In children with liver disease, this substrate supply and use can be 
abnormal. The loss of glycogen stores in CLD leads to fasting hypoglycemia and an inability to meet 
energy demands.  

   Protein Metabolism 

 Amino acids are absorbed by the intestine directly into the portal vein and transferred to the liver, 
where they are synthesized into protein or used for energy. The liver is responsible for approximately 
10% of plasma protein synthesis; thus, amino acids are constantly recycled  [  12,   13  ] . Nonessential 
amino acids are oxidized in both liver and muscle. The seven aromatic essential amino acids (AAAs; 
arginine, histidine, lysine, methionine, phenylalanine, tryptophan and threonine) are metabolized in 
the liver, whereas the three branched-chain essential amino acids (BCAAs; leucine, isoleucine and 
valine) are metabolized predominantly in muscle and pass unaltered through the liver to the periphery, 
where their uptake is regulated by insulin  [  14  ] . The liver is also responsible for detoxi fi cation of 
nitrogenous wastes via the urea cycle, leading to the production of ammonia—hence the rise of plasma 
ammonia in both acute and chronic liver failure  [  15  ] . Reduced hepatic and muscle glycogen stores 
lead to early recruitment of fat and increased dependence on amino acids as an alternative fuel  [  16  ] . 
Abnormal protein use by the liver leads to a rise in AAAs and a reduction in the BCAAs, which are 
metabolized in muscle in both children and adults  [  17–  19  ] . 

 A study of protein metabolism in infants with liver disease, which used a whole-body leucine turn-
over model, demonstrated that muscle protein degradation and protein oxidation were increased, pos-
sibly as a result of a reduction in carbohydrate metabolism and the use of protein as an energy supply 
 [  20  ] . In contrast to normal children, muscle protein degradation continued in these children even when 
they were fed, suggesting that this could be a factor in the muscle loss common in infants with CLD. 
A recent study in cholestatic children also documented increased leucine oxidation in the postabsorptive 
state, but not in the fed state, but these children had less severe liver disease than the above study  [  21  ] . 

 These metabolic changes result in muscle wasting, hyperammonaemia, hypoproteinaemia, 
 hypoglycaemia, hyperlipaemia and reduced circulating triglycerides (due to increased fat oxidation).   
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   Fat Metabolism 

 Most dietary fat is in the form of long-chain triglyceride (LCT) and is an excellent energy source  [  22  ] . 
The  fi rst step in fat digestion is emulsi fi cation in the stomach, followed by hydrolysis of triglyceride 
by pancreatic lipase in the intestinal lumen and then micellar solubilisation of di- and monoglycerides 
by bile acids which are then transported into the enterocytes. Once in the enterocyte, fatty acids are 
re-esteri fi ed and chylomicrons are formed and removed via the lymphatics through the portal system 
to the liver and other tissues  [  22  ] . 

 In contrast, medium-chain triglyceride (MCT) does not depend on micellar solubilisation for absorp-
tion and can be transferred directly from the enterocyte to the portal circulation without re-esteri fi cation 
 [  23  ] . In the liver, free fatty acids are metabolized into triglycerides or oxidized for energy. The lipopro-
teins very low density lipoprotein (VLDL) and high density lipoprotein (HDL) are synthesized in the 
liver as is cholesterol which is the precursor for many hormones, vitamins and bile acids. 

 In all forms of CLD there is reduction in the synthesis and secretion of bile salts, although this is 
more severe in cholestatic diseases such as biliary atresia. Up to 50% of long-chain triglyceride (LCT), 
fat soluble vitamins and essential polyunsaturated fatty acids (PUFA) may not be absorbed because of 
reduced biliary secretion and reduction in intraluminal bile concentration  [  24  ] . In contrast, 95% of 
water soluble lipids, such as MCT, which does not depend on bile solubility, are absorbed even in 
cholestatic infants  [  6  ] , and form the basis for nutritional replacement  [  25  ] .  

   Long-Chain Polyunsaturated Fatty Acids 

 Long-chain polyunsaturated fatty acids (LCP or PUFA) such as arachidonic acid (AA) and docosa-
hexaenoic    acid (DHA) are essential nutrients in infancy. LCP, in particular DHA, plays a major role 
in the development of visual acuity and mental development in the  fi rst year of life, particularly in 
pre-term infants  [  26,   27  ] . The main source of LCP is maternal, in the last trimester of pregnancy, and 
through breast feeding as breast milk is a rich source of LCP containing both arachidonic acid and 
DHA in the combination of phospholipid and triglyceride forms. 

 Children with cholestatic liver disease have normal LCP and DHA levels at birth but may become 
de fi cient within 8–12 weeks  [  28  ]  either from malabsorption of LCT or prescription of formula feeds 
rich in MCT.  

   Fat Soluble Vitamin De fi ciency 

 CLD affects vitamin absorption, metabolism and storage. Reduction in bile salt secretion leads to 
malabsorption of the fat soluble vitamins A, D, E and K. Fat soluble vitamin de fi ciency may develop 
within 6–12 weeks of birth dependent on body stores and availability of vitamin supplementation. 
Vitamin A de fi ciency may also develop secondary to reduction in protein synthesis or depletion of 
hepatic stores. Vitamin D de fi ciency may either occur from fat malabsorption or reduction in hepatic 
25 hydroxylation. Vitamin K de fi ciency arises partly from fat malabsorption, and partly from a reduc-
tion in intake particularly in breast fed infants  [  25  ] . 

 As the liver has a central role in lipoprotein metabolism and cholesterol synthesis, hypercholester-
olemia and hypertriglyceridaemia are common in CLD. There may be increased synthesis of choles-
terol esters due to loss of hepatic lecithin cholesterol acyl transferase (LCAT) which may alter 
lipoprotein fractions. In cholestatic liver disease such as Alagilles syndrome cutaneous xanthomata 
may occur  [  9  ] .  
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   Growth Hormone/Insulin-Like Growth Factor Axis 

 Growth failure in CLD may be exacerbated by an impaired growth hormone (GH)/insulin-like growth 
factor (IGF-1) axis  [  29,   30  ] , as IGF-1 and its major circulating binding protein IGF-BP3 are synthe-
sized in the liver. Children with CLD have low plasma levels of IGF-1 despite elevated growth hor-
mone, which may be due to diminished hepatic synthesis, malnutrition or related to end organ 
insensitivity to IGF-1  [  30–  32  ] .  

   Increased Energy Expenditure 

 Small studies have indicated an increase in energy requirements up to 140% in children with CLD 
 [  33,   34  ] . Mechanisms implicated include porto-systemic shunting and ascites, abnormal intermediate 
metabolism and the energy demands of speci fi c complications such as sepsis and variceal haemor-
rhage. Children with acute liver failure also have excess energy expenditure and requirements because 
of multiorgan failure, but this has not been speci fi cally studied.  

   Consequences of Malnutrition 

 Many different nutrient de fi ciencies occur in children with CLD (Table  7.2 ) while malnutrition may 
increase liver dysfunction because of the energy required for synthesis, storage and detoxi fi cation. 
Children with progressive cholestasis such as those with biliary atresia or Alagilles syndrome develop 
signi fi cant fat malabsorption, which leads to steatorrhoea, fat soluble vitamin de fi ciency, EFA de fi ciency, 
loss of fat stores and a reduction in growth (Tables  7.2  and  7.3 ). EFA de fi ciency may present with a skin 
rash while DHA de fi ciency is associated with abnormalities in visual function as demonstrated by 
electroretinograms in cholestatic infants  [  28  ] . Fat soluble vitamin de fi ciency is more common, and can 
be detected biochemically before clinical symptoms which are only obvious with severe de fi ciencies. 
Clinical signs and symptoms of vitamin A de fi ciency are rare but include night blindness, xerophthal-
mia and keratomalacia  [  5  ] . Vitamin D de fi ciency leads to hypocalcaemia, hypophosphataemia, rickets 
and pathological fractures, particularly in infants who are rarely exposed to sunlight or who have inher-
ited metabolic liver disease and a renal tubular disorder. De fi ciency of vitamin E leads to haemolysis, 

   Table 7.2    Clinical manifestations of malnutrition in liver disease   

 Aetiology  Clinical manifestations 

 Protein energy malnutrition  Growth failure 
 Protein catabolism  Muscle wasting, motor development delay 
 Fat malabsorption  Steatorrhoea 
 EFA de fi ciency  Peeling skin rash 
 Vitamin A de fi ciency function, night blindness  Conjunctival and corneal drying, abnormal retina 
 Vitamin E de fi ciency haemolysis  Peripheral neuropathy, ophthalmoplegia, ataxia, 
 Vitamin D de fi ciency  Osteopenia, rickets, fractures 
 Vitamin K de fi ciency  Bruising, epistaxis, coagulopathy 
 Zinc de fi ciency  Acrodermatitis, anorexia, poor growth 
 Hypercholesterolaemia  Xanthomata 
 Impaired gastrointestinal function, hypochlorhydria, 

reduced mucosal function 
 Diarrhoea 

 Immunosuppression secondary to reduced cell-mediated immunity  Systemic infections 
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peripheral neuropathy and occasionally visual loss  [  5  ] . Vitamin K de fi ciency may present as haemorrhagic 
disease of the newborn particularly in breast fed babies who are given insuf fi cient vitamin K at birth 
 [  35  ] . It leads to coagulopathy, which is exacerbated by decreased synthesis of    liver-dependent clotting 
factors. In vitamin K de fi ciency secondary to fat malabsorption, parenteral vitamin K will improve the 
coagulation pro fi le whereas it will be ineffective in parenchymal liver disease  [  35  ] .   

 Metabolic bone disease with reduced bone density is usually observed in end stage liver disease 
 [  36  ] . Although malabsorption of vitamin D is a factor, the aetiology is more complex as normal levels 
of vitamin D do not prevent bone de-mineralisation  [  36  ] . Trace element and mineral de fi ciencies 
include iron de fi ciency with anaemia, zinc de fi ciency which leads to acrodermatitis, immunode fi ciency 
and altered protein metabolism, while both zinc and selenium de fi ciency may exacerbate growth fail-
ure and poor protein synthesis  [  1  ] . 

 In the course of chronic liver failure, fat malnutrition develops  fi rst as demonstrated by loss of fat 
stores. Protein malnutrition is a late development and is associated with a reduction in muscle bulk, 
stunting and signi fi cant motor developmental delay. In time, children with signi fi cant malnutrition 
will have impaired growth and psychosocial development  [  37  ] .  

   Practice and Procedures 

   Assessment of Malnutrition 

 Assessment and monitoring of patients involves clinical assessment (Table  7.1 ) and anthropometric, 
laboratory and radiological tests.   

   Anthropometry 

 Growth failure may precede the clinical signs of liver disease such as ascites or splenomegaly. 
Measurements of body weight and linear growth detect acute malnutrition (decreased weight for 
height) and chronic malnutrition (decreased height for age)  [  38  ] . The ratio between head circumfer-
ence and mid-arm circumference (MAC) indicates malnutrition in children under the age of 5 (normal 
>0.3). Anthropometry, especially, triceps skin fold (TSF) and MAC are useful indicators of body fat 
and protein reserves and allow the calculation of mid-arm muscle area, which re fl ects body muscle 
mass. Serial anthropometric recording—Ii TSF may demonstrate early loss of fat stores before weight 
and height changes become obvious  [  39  ] . 

 For comparison, data is expressed as standard deviation scores (or  ‘Z’  scores) related to the median 
value for the child’s age and sex, where a Z score of 0 equals the 50 percentile.  

   Practical Dif fi culties when Monitoring Infants with Liver Disease 

 The need for nutritional support in infants with liver disease is often underestimated due to abnormal 
body composition. Body weight is a useful index of nutrition in most children, but is unreliable in patients 
with liver disease with ascites and/or organomegaly. Linear growth may be more sensitive but is a late 
sign growth failure in infancy, particularly as stunting (or negative height velocity) may not be apparent 
until 1 year of age  [  25  ] . Serial measurements of MAC and TSF, taken in combination with changing 
trends in height or weight, are the most sensitive indicators for the instigation of nutritional support.  
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   Selecting Patients for Nutritional Support 

   Patients at Particular Risk of Development of Malnutrition 

 Under 2 years of age; Severe cholestasis (serum bilirubin >70 mmol/L; >50% conjugated); Progressive 
liver disease such as biliary atresia, severe neonatal hepatitis; Patients awaiting liver transplantation. 

 Growth failure should be anticipated and prevented by frequent anthropometric assessment. Urgent 
support is required if the MAC and TSF are more than two standard deviations below the mean.   

   Nutritional Requirements and Strategies for Nutritional Support 

 Nutritional intervention should attempt to compensate for anorexia, increased energy requirements, 
malabsorption and abnormal hepatic metabolism. It is recommended all units managing cholestatic 
infants as a nutrition protocol  [  40  ] . Nutritional rehabilitation is catered to the individual child but 
generally the caloric intake is increased to at least 130% of recommended daily allowance (RDA).  

   Components of Nutritional Support 

   Lipids 

 The energy value of dietary lipids is 8–9 kcal/g. They are the major energy source for infants. 
Increasing fat intake to provide 30–50% of total energy intake  [  25  ] , despite increasing steatorrhoea, 
may increase the overall amount of fat absorbed  [  7  ] .  

   Medium-Chain Triglycerides 

 Medium-chain triglycerides (MCT) are well absorbed in cholestatic infants. Therefore, the addition 
of 30–50% MCT is a useful substrate, reducing steatorrhoea  [  6  ]  with subsequent nutritional improve-
ment  [  7,   25  ] . Nutritionally complete MCT containing infant formula designed speci fi cally for use in 
cholestatic liver disease are available (Table  7.3 ).  

   Essential Fatty Acids 

 Although the exact requirements for infants are not known, clinical de fi ciency symptoms may occur 
at PUFA intakes below 1% of energy. Mature human milk contains 11% wt/wt EFAs. The minimal 
intake of linoleic acid recommended for young infants is 2.7–4.5% of energy and a ratio of 
linoleic:linolenic acid of 5:1  [  27  ] .  
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   Fat-Soluble Vitamins 

 Fat-soluble vitamins are supplemented in large quantities especially in children with cholestasis along 
with other vitamins and minerals. In order to optimize absorption, it is best to prescribe these vitamins 
separately  [  6,   25  ] . Generous oral doses may be required to produce therapeutic plasma concentra-
tions. Occasionally, intramuscular vitamin D is required.  

   Carbohydrate 

 Complex carbohydrates such as maltodextrin or glucose polymer (Maxijul, SHS International) restrict 
the osmolality of the feed while maintaining a high energy density allowing  fl uid restriction. Additions 
are made slowly on a daily basis to establish intestinal tolerance.  

   Protein 

 There may be a reluctance to increase protein intake beyond the estimated requirement for normal 
children because low protein diets were previously prescribed to prevent encephalopathy. Increasing 
the calorie density of proprietary infant formulae with carbohydrate and fat supplements alone reduces 
the percentage energy from protein. Concentrating infant formula enhances intake whilst maintaining 
the balance between energy and protein in feeds. It is now recognized that infants with advanced liver 
disease may tolerate up to 4 g/kg/day protein without encephalopathy or all increase ill plasma amino 
acid abnormalities  [  6,   25  ] .In practice, 3–4 g/kg/day of a whole protein, which is more palatable, is 
preferred.  

   Mineral Supplementation 

 Zinc de fi ciency secondary to chronic malabsorption may contribute to anorexia and poor linear 
growth. Plasma zinc concentration may not re fl ect total body zinc status, but supplementation may be 
helpful if de fi ciency is suspected because of persistent poor growth.  

   Feed Choices 

 Cholestatic infants in the early stages of disease will compensate for the degree of malabsorption by 
increasing their intake, often consuming 120–200% more formula than the recommended intake for 
age. To improve nutrient absorption an infant formula rich in MCT infant formula (Table  7.3 ) should 
replace normal infant formula for bottle fed infants or be used as a supplement alongside breast milk 
in the breast fed infant. 

 For infants with continued poor growth and subsequent reduced feed intakes MCT formula can be 
concentrated from 13% standard dilution to 15–19% dilution. This increases energy density from 
67 kcal/100 mL to 80–100 kcal/100 mL and protein from 1.9 g/100 mL to 2.24–2.84 g protein/100 mL. 
Concentrating formula feeds increases intake of all nutrients and maintains the delicate balance 
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between energy, protein and micronutrients. The practice of concentrating infant formula should only 
be undertaken by an experienced paediatric dietician who can ensure the infant continues to receive 
appropriate total nutrition. 

 If ascites or encephalopathy develop,  fl uid and salt restriction may make commercial feeds imprac-
tical and a modular feeding system may be of bene fi t. The modular feeding system is extremely 
 fl exible in its composition and can be manipulated easily to suit the child’s speci fi c nutritional 
requirements. 

 The individual prescription of protein, energy, sodium and water produces a patient speci fi c feed 
of high-energy density (1–2 kcal/mL) with restricted sodium,  fl uid or protein as appropriate. Calogen 
(Nutricia Advanced Medical Nutrition) and Liquigen (SHS International) emulsions supply LCT and 
MCT. Protifar, a whey protein powder (Nutricia Advanced Medical Nutrition), and Maxijul (SHS 
International), a complex carbohydrate polymer, provide protein and carbohydrate components 
respectively. Vitamin and mineral requirements are added (e.g. Paediatric Seravit, SHS International) 
as well as sodium (not <1 mmol/kg/day for growth) and potassium (as molar solutions).  

   Mode of Delivery 

   Enteral Feeds 

 Early enteral tube feeding should be considered for infants and children with CLD  [  25,   37  ] . A soft 
silastic nasogastric tube is well accepted in infants. It is not, by itself, likely to provoke bleeding from 
oesophageal varices, and it allows reliable delivery of nutrition support and medications. It is essential 
to prepare infants with play therapy and to train parents carefully. The success of home enteral feeding 
depends on a dedicated multi-disciplinary team including dietician, specialist nurses, clinician and 
community support. Intensive enteral feeding is highly effective in reversing malnutrition infants with 
liver disease. It can relieve parenteral anxiety regarding oral intake and may induce a transformation 
in the child’s affect and even increase voluntary intake  [  25  ] . 

   Behavioural Feeding Problems 

 Behavioural feeding problems are common secondary to long-term tube feeding, unpalatable feeds or 
medications. These infants may miss their developmental milestones for chewing, swallowing and 
perhaps speech. The pre-transplant emphasis intensive nutritional support often creates parental anxi-
ety about feeding. It is not surprising that behavioural feeding problems may become manifest pre- 
and post-transplantation and contribute to persistent growth failure. Strategies to prevent this include 
encouraging daytime feeding to provide oral stimulation particularly if nocturnal nasogastric feeding 
is undertaken. A multi-disciplinary approach, involving the participation of clinician, dietician, nurse 
specialist, clinician psychologist and play therapist is required to treat these dif fi cult problems  [  40  ] .  

   Post Liver Transplantation 

 Parenteral nutrition (PN) is commenced on post-operative day 1 for infants with pre-transplant mal-
nutrition, only if feeding is to be delayed. In most cases, enteral feeding is started as soon as post-
operative ileus has resolved. Nutritional support provides an energy intake of around 120% of EAR 
as a high energy paediatric enteral feed, a high energy infant formula or a modular feed prior to dis-
charge. Additional supplements of fat and carbohydrate may be required for some time to maintain 
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growth while establishing normal oral intake. In 10% of children, nocturnal    enteral feeding is required 
for up to 1–2 years; osteopenia often persists after successful liver transplantation (LT), and it may 
take many months of vitamin D and adequate nutrition to correct  [  36,   37  ] .  

   Parenteral Nutrition 

 Parenteral nutrition (PN) is rarely necessary in CLD; however, if there is severe PEM, feed intolerance 
and malabsorption, PN, in combination with enteral nutrition, improves nutrient delivery. Short-term 
PN is essential during complications such as intra-abdominal sepsis, variceal bleeding and liver fail-
ure, which are associated with marked catabolism and weight loss. Nutrition should aim to blunt this 
catabolic state and enhance anabolic activity during recovery while avoiding overfeeding. Despite 
perceived reluctance to use PN in children with CLD because of the association with hepato-biliary 
dysfunction, short-term PN is a life-saving therapy and does not invariably increase cholestasis. 

 Standard amino acid mixtures (e.g. Vaminolact) are generally safe and lipids provide a key source 
of calories, correcting energy de fi cits. When parenteral lipid emulsions are given in excess of the liv-
er’s ability to process them, hyperlipidaemia and hepatic steatosis may occur  [  41  ] . Lipids are generally 
administered to provide 30% of total calories, but should be used with caution and dosage reduction 
considered when impaired hepatic clearance is present, especially if sepsis is present, to avoid further 
rises in triglyceride concentrations  [  41  ] . Soybean lipid emulsions contain phytosterols, which may be 
associated with cholestasis  [  41  ]  and the oil source of the emulsion may also affect the relative risk of 
developing abnormal liver function, known as intestinal failure-associated liver disease (IFALD)  [  42  ] . 

 Evidence suggests also that soybean-based lipid emulsions (e.g. Intralipid) with high contents of 
PUFA are a causative factor in IFALD since these lipids are rich in  w -6 fatty acids, which are pro-
in fl ammatory and may act to promote hepatocyte damage and lipid peroxidation, which can exacer-
bate oxidative stress  [  43  ] . More recently developed parenteral lipid emulsions substitute soybean oil 
with a variety of oils providing MCT,  w -9 monounsaturated fatty acids or  w -3 PUFA or  fi sh oil lip 
emulsions. The mixed lipid emulsions (e.g. SMOF) have demonstrated reduced effects on oxidative 
stress, immune responses and in fl ammation, while the  fi sh oil lipid emulsions may be bene fi cial in 
improving IFALD  [  43–  45  ] . However, the effects of these new lipid emulsions on clinical outcomes 
have not been extensively evaluated  [  43  ] . 

 Septic events also play a key role in the development of IFALD. Careful line care, reduction in 
maximal lipid dose or alternate lipids such as  w -3 fatty acids should be adopted to prevent liver dam-
age  [  44  ] . Patients on partial PN need careful biochemical monitoring and attention to  fl uid and elec-
trolyte balance, including concurrent intravenous infusion therapy to avoid  fl uid overload.    

   Delivery of PN 

 Central venous catheterization with double or triple lumen catheter offers convenient and reliable 
venous access if the duration of feeding is more than a week  [  46  ] . 

   Laboratory Parameters 

 Serial monitoring of laboratory parameters may detect malnutrition in time to allow nutritional inter-
vention. Proteins, such as albumin or retinol-binding protein, may assess recent or long-term adequacy 
of protein and calorie intake, but are non-speci fi c as serum protein concentrations may vary due to 
protein loss, distribution, vitamin and mineral status and hepatic disease. 
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 Laboratory monitoring of calcium, phosphate and magnesium levels re fl ects. Plasma concentrations 
of vitamins A and E demonstrate therapeutic levels and stores. Coagulation tests re fl ect both hepatic 
synthetic function and vitamin K supplementation. Zinc may be depleted in patients with persistent 
anorexia or poor growth. Measurement of triglyceride and cholesterol may assess the balance of the 
energy providing fuels in the feed, while plasma amino acids may assess protein metabolism in the 
face of progressive liver dysfunction.  

   Radiology 

 Wrist and knee X-rays are performed to detect osteopenia and rickets if alkaline phosphatase is 
 elevated (>1,000 IU).    

   Conclusion 

 An understanding of the pathophysiological mechanisms contributing towards malnutrition in infants 
with liver disease is essential when planning therapeutic strategies. Growth failure should be antici-
pated by serial anthropometric assessment. This includes the estimation of fat and muscle stores by 
measurement of MAC and TSF as estimates of body composition. Patients at particular risk of devel-
opment of malnutrition are those with severe cholestasis, progressive liver disease and those awaiting 
liver transplantation. 

 The  fi rst step in nutritional support for infants with liver disease includes increased calorie intake, 
generous oral fat soluble vitamin supplementation and nasogastric tube feeding. It is vital to increase 
the energy intake to 130–180% of EAR  [  25,   40  ] . This is achieved by introducing MCT containing 
infant formula, concentrating infant formula or supplementing feeds with extra fat and carbohydrate 
to produce a feed with a high-energy density (>1 kcal/mL) and with an intake of 3–4 g/kg/day protein. 
Nocturnal enteral feeding may circumvent the abnormal homeostatic control of carbohydrate and 
protein metabolism and avoid vomiting due to the small capacity of the stomach. A modular feed 
system permits  fl exibility in infants with end-stage liver disease when  fl uid or salt restriction for man-
agement of ascites may make commercially available nutritionally complete feeds impractical. 

 Nourishing children with liver disease is a challenging task; however, appropriate assessment and 
well-timed nutritional interventions are paramount for a good long-term outcome in these patients. An 
appropriate balance of macronutrients, micronutrients and vitamins is important, as is the route of 
administration. Key to providing successful nutritional support is involvement of a multi-disciplinary 
team including paediatric dietician, liaison nurse, feeding psychologist and clinician.      

   References 

    1.    Chin SE, Shepherd RW, Thomas BJ, Cleghorn GJ, Patrick MK, Wilcox JA, et al. The nature of malnutrition in 
children with end stage liver disease. Am J Clin Nutr. 1992;56:164–8.  

    2.    Beath S, Pearmain G, Kelly D, McMaster P, Mayer D, Buckels J. Liver transplantation in babies and children with 
extrahepatic biliary atresia. J Pediatr Surg. 1993;28(8):1044–7.  

    3.    Moukarzel AA, Najm I, Vargas J, McDiarmid SV, Busutti RW, Ament ME. Effect of nutritional status on outcome 
of orthotopic liver transplantation in pediatric patients. Transplant Proc. 1990;22:1560–3.  

    4.    Beath S, Brook G, Kelly D, McMaster P, Mayer D, Buckels J. Improving outcome of liver transplantation in babies 
less than 1 year. Transplant Proc. 1994;26:180–1.  

    5.    Chin SE, Shepherd RW, Thomas BJ, Cleghorn GJ, Patrick MK, Wilcox JA, et al. Nutritional support in children 
with end-stage liver disease: a randomized crossover trial of a branched-chain amino acid supplement. Am J Clin 
Nutr. 1992;56(1):158–63.  



897 Nutritional Requirements and Support in Liver Disease

    6.    Nightingale S, Ng VL. Optimizing nutritional management in children with chronic liver disease. Pediatr Clin 
North Am. 2009;56(5):1161–83.  

    7.    Beath S, Hooley I, Willis K, Johnson S, Kelly D, Booth I. Long chain triacyglycerol malabsorption. Clin 
Endocrinol. 1993;52:252A.  

    8.    Chong SK, Lindridge J, Moniz C, Mowat AP. Exocrine pancreatic insuf fi ciency in syndromic paucity of interlobu-
lar bile ducts. J Pediatr Gastroenterol Nutr. 1989;9(4):445–9.  

    9.    Kamath BM, Loomes KM, Piccoli DA. Medical management of Alagille’s syndrome. J Pediatr Gastro Nutr. 
2010;50(6):580–6.  

    10.    Pawłowska J, Socha P, Socha J. Nutrition in pediatric patients before liver transplantation. Rocz Panstw Zakl Hig. 
2007;58(1):111–8.  

    11.    Romijn JA, Endert E, Sauerwein HP. Glucose and fat metabolism during short-term starvation in cirrhosis. 
Gastroenterology. 1991;100:731–7.  

    12.      Boyer Td, Manns MP, Sanyal AJ, Hellerston MM. Interaction of liver, muscle and adipose tissue in the regulation 
of metabolism in response to nutritional and other factors. In: The liver: biology and pathobiology. 3rd ed. New 
York: Raven; 1994. p. 1169–91.  

    13.    Yudkoff M, Nissim I, McNellis W, Polin R. Albumin synthesis in premature infants: determination of turnover with 
[15N]glycine. Pediatr Res. 1987;21:49–53.  

    14.   Duggan C, Watkins JB, Walker A, Miller L. The role of the liver and the non-hepatic tissues in the regulation of 
free amino acid levels in the blood. In: Amino acid pools A. Amsterdam: Elsevier; 1962. p. 708–9.  

    15.    Powers Lee SG, Meister L. Urea synthesis and ammonia metabolism. In: Arias M, Jakoby WB, Popper H, Schalter 
D, Shafritz DA, editors. The liver: biology and pathobiology. New York: Raven; 1988. p. 317–30.  

    16.    McCullough AJ, Mullen KD, Smanik EJ, Tabbaa M, Szauter K. Nutritional therapy and liver disease. Gastroenterol 
Clin North Am. 1989;18:619–43.  

    17.    Weisdorf SA, Freese DK, Fath JJ, Tsai MY, Cerra FB. Amino acid abnormalities in infants with extrahepatic biliary 
atresia and cirrhosis. Pediatr Gastroenterol Nutr. 1987;6:860–4.  

    18.    Kawaguchi T, Izumi N, Charlton MR, Sata M. Branched-chain amino acids as pharmacological nutrients in chronic 
liver disease. Hepatology. 2011;54(3):1063–70.  

    19.    Ramaccioni V, Soriano HE, Arumugam R, Klish WJ. Nutritional aspects of chronic liver disease and liver trans-
plantation in children. J Pediatr Gastroenterol Nutr. 2000;30(4):361–7.  

    20.    Protheroe S, Jones R, Kelly DA. Evaluation of the role of branched chain amino acids in the treatment of protein 
malnutrition in infants with liver disease. Gut. 1995;37:A30.  

    21.    Mager DR, Wykes LJ, Roberts EA, Ball RO, Pencharz PB. Mild-to-moderate chronic cholestatic liver disease 
increases leucine oxidation in children. J Nutr. 2006;136(4):965–70.  

    22.   Duggan C, Watkins JB, Walker A, Dyke RV. Mechanisms of digestion and absorption of food. In: Gastrointestinal 
disease, pathophysiology, diagnosis, management. 4th ed. Philadelphia: WB Saunders; 1989. p. 1062–1088.  

    23.    Carey M, Small DM, Bliss CM. Lipid digestion and absorption. Annu Rev Physiol. 1983;45:651–77.  
    24.    Phan CT, Tso P. Intestinal lipid absorption and transport. Front Biosci. 2001;6:D299–319.  
    25.    Beath SV, Booth IW, Kelly DA. Nutritional support in liver disease. Arch Dis Child. 1993;69:545–9.  
    26.    Makrides M, Neumann M, Simmer K, Pater J, Gibson R. Are long-chain polyunsaturated fatty acids essential 

nutrients in infancy? Lancet. 1995;345:1463–8.  
    27.    Koletzko B, Agostoni C, Carlson SE, Clandinin T, Hornstra G, Neuringer M, et al. Long chain polyunsaturated 

fatty acids (LC-PUFA) and perinatal development. Acta Paediatr. 2001;90:460–4.  
    28.    Spray CH, Beath S, Willis KD, et al. Docosahexaenoic acid (DHA) and visual function in infants with fat malab-

sorption secondary to liver disease. Proceed Nutr. 1995;54:108A.  
    29.    Holt RI, Jones JS, Stone NM, Baker AJ, Miell JP. Sequential changes in insulin-like growth factor I (IGF-I) and 

IGF-binding proteins in children with end-stage liver disease before and after successful orthotopic liver transplan-
tation. J Clin Endocrinol Metabol. 1996;81:160–8.  

    30.    Bucuvalas JC, Horn JA, Slusher J, Alfaro MP, Chernausek SD. Growth hormone insensitivity in children with 
biliary atresia. J Pediatr Gastroenterol Nutr. 1996;23:135–40.  

    31.    Holt RI, Miell JP, Jones JS, Mieli-Vergani G, Baker AJ. Nasogastric feeding enhances nutritional status in paedi-
atric liver disease but does not alter circulating levels of IGF-I and IGF binding proteins. Clin Endocrinol. 
2000;52:217–24.  

    32.    Quirk P, Owens P, Moyse K, Chin S, Wall C, Ballard J, et al. Insulin-like growth factors I and II are reduced in 
plasma from growth retarded children with chronic liver disease. Growth Regul. 1994;4:35–8.  

    33.    Pierro A, Koletzko B, Carnielli V, Superina RA, Roberts EA, Filler RM, et al. Resting energy expenditure is 
increased in infants and children with extrahepatic biliary atresia. J Pediatr Surg. 1989;24:534–8.  

    34.      Protheroe SM, McKiernan PJ, Kelly DA. Can measurement of dietary-induced thermogenesis (DIT) predict 
response to nutritional intervention in infants with liver disease? Clin Nutr. 1996;15:39.  

    35.    Yanofsky RA, Jackson VG, Lilly JR, Stellin G, Klingensmith III WC, Hathaway WE. The multiple coagulopathies 
of biliary atresia. Am J Haematol. 1984;16(2):171–80.  



90 D.A. Kelly et al.

    36.    Hogler W, Baumann U, Kelly D. Growth and bone health in chronic liver disease and following liver transplanta-
tion in children. Pediatr Endocrinol Rev. 2011;7(3):266–74.  

    37.    van Mourik ID, Beath SV, Brook GA, Cash AJ, Mayer AD, Buckels JA, et al. Long term nutritional and 
Neurodevelopmental outcome of liver transplantation in infants aged less than 12 months. J Pediatr Gastroenterol 
Nutr. 2009;30(3):269–75.  

    38.    Waterlow J. Note on the assessment and classi fi cation of protein-energy malnutrition in children. Lancet. 
1973;2:87–9.  

    39.    Sokol RJ, Stall C. Anthropometric evaluation of children with chronic liver disease. Am J Clin Nutr. 
1990;52:203–8.  

    40.    Baker A, Stevenson R, Dhawan A, Goncalves I, Socha P, Sokal E. Guidelines for nutritional care for infants with 
cholestatic liver disease before liver transplantation. Paediatr Transpl. 2007;11(8):825–34.  

    41.    Kumpf V. Parenteral nutrition associated liver disease in adult and pediatric patients. Nutr Clin Pract. 
2006;21:279–90.  

    42.    Cavicchi M, Beau P, Crenn P, Degott C, Messing B. Prevalence of liver disease and contributing factors in paren-
teral nutrition of intensive care patients: current thinking and future directions. Intensive Care Med. 
2000;36:735–49.  

    43.    Calder PC, Jensen GL, Koletzko BV, Singer P, Wanten GJ. Lipid emulsions in parenteral nutrition of intensive care 
patients: current thinking and future directions. Intensive Care Med. 2010;36:735–49.  

    44.    Diamond IR, de Silva NT, Tomlinson GA, Pencharz PB, Feldman BM, Moore AM, et al. The role of parenteral 
lipis in the development of advanced intestinal failure-associated liver disease in infants: a multiple-variable analysis. 
J Parenter Enteral Nutr. 2011;35(5):596–602.  

    45.    Meijer VE, Gura KM, Le HD, Meisel JA, Puder M. Fish oil-based lipid emulsions prevent and reverse parenteral 
nutrition-associate liver disease: The Boston experience. J Parenter Enteral Nutr. 2009;33(5):541–7.  

    46.    Pittiruti M, Hamilton H, Bif fi  R, Mac fi e J, Pertkiewicz M. ESPEN guidelines on parenteral nutrition: central 
venous catheters (access, care, diagnosis and therapy of complications). Clin Nutr. 2009;28:365–77.    



91R.R. Watson et al. (eds.), Nutrition in Infancy: Volume 2, Nutrition and Health,
DOI 10.1007/978-1-62703-254-4_8, © Springer Science+Business Media New York 2013

    A.   O’Connell ,  B.A., BDent.Sc., M.S., F.A.A.P.D.   (*)  
   Department of Public and Child Dental Health ,  Dublin Dental University Hospital , 
  Lincoln Place ,  Dublin ,  2 ,  Ireland   
 e-mail:  anne.oconnell@dental.tcd.ie   

      Key Points 

       The oral cavity is a unique and complex environment, containing soft tissues and teeth bathed in • 
saliva. An intact craniofacial complex is critical for the correct function of airway, mastication, 
speech, and swallowing.  
      Failure to establish oral feeding may result in inadequate nutrient intake and delayed oromotor • 
development.  
      Structural defects and diseases affecting the oral hard and soft tissues (infectious as well as acute • 
and chronic systemic diseases with oral manifestations) can impact negatively on a child’s ability 
to eat.  
      The feeding practices established in infancy in fl uence subsequent food choices and feeding patterns. • 
These behaviors are shaped by parental behaviors, which are in fl uenced by family, education, and 
cultural beliefs.  
      Early childhood caries (ECC) is the currently accepted term for any carious tooth in a child under • 
5 years of age and is the most common infectious disease in childhood.  
      Treatment of the decayed teeth, eliminating night-time bottle feeding, and reducing the frequency • 
of snacking, combined with improved tooth cleaning helps establish a healthy dentition in 
children.  
      Medical practitioners should always request sugar free formulations when available and instruct • 
parents to increase oral hygiene measures following ingestion of oral medication.  
      Oral health must be established during childhood as part of a child’s general health and • 
development.      

  Keywords   Craniofacial  •  Dental development  •  Oral health  •  Caries  •  Ankyloglossia  • 
 Breastfeeding  

    Chapter 8   
 Normal and Aberrant Craniofacial Development 
and Nutrition in Infancy       

      Anne   O’Connell            
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   Introduction 

 The oral cavity is the usual portal for nutrition throughout life and any aberrations in its development 
or function may impact on the capacity of an infant to thrive. The mouth is complex and unique, it is 
open to the environment, forms the anterior section of the gastrointestinal system and contains tissue 
derived from ectoderm, mesoderm, and endoderm, including teeth, in the presence of saliva. Any 
interference with normal development of the face, mouth, and teeth arising in utero and infancy can 
lead to a wide spectrum of disorders presenting at birth or in infancy. Some malformations are evident 
at birth, such as cleft lip/palate, Trisomy 21, and Pierre Robin Sequence. Other issues with structure 
and function of components of the craniofacial complex may not be immediately apparent but can 
complicate feeding and nutrient intake in the infant which may manifest as failure to thrive. 

 Faltering growth in infancy is a marker for various medical, social, and economic problems and 
may be attributed to inadequate nutrition  [  1  ] . Even when craniofacial development is normal, feeding 
dif fi culties can arise in the neonatal period due to biological, developmental, or behavioral issues. 
Reduced ef fi ciency in feeding often occurs when there is oral motor dysfunction, which is common 
in children with developmental disabilities. Feeding behaviors in infancy can be shaped by parental 
behaviors, which are in fl uenced by family, education, and cultural beliefs. Sweetened foods are used 
as rewards globally, and can often interfere with appropriate nutritional intake. In addition, diseases 
affecting the oral hard and soft tissues (infectious as well as acute and chronic systemic diseases with 
oral manifestations) can impact negatively on a child’s ability to eat and maintain healthy nutritional 
status. Maintenance of oral health is often given a low priority when other systemic diseases are present 
despite the recommendations for integrating oral health into overall health care  [  2  ] . 

 Early childhood caries (ECC) is the most common infectious disease in childhood  [  2  ] . It is a bac-
terially mediated disease affecting teeth that is modi fi ed by diet  [  3  ] . Previously this condition was 
called baby bottle tooth decay, nursing caries, and bottle mouth because of the association of the con-
dition with poor feeding practices. Mothers who have untreated tooth decay may harbor high titers of 
mutans streptococci in their saliva which can be transmitted to their child, putting them at risk for 
ECC. One of the risk factors for dental caries is malnutrition (both under and over nutrition). Both 
malnutrition and caries share other risk factors such as systemic illness, disability, low socioeconomic 
status as well as behavioral, cultural, and psychosocial factors. Pain and infection from decayed teeth 
may limit adequate oral intake and many children accessing emergency dental care report disruption 
with eating  [  4  ] . Extensive caries may also be a sign of malnourishment or neglect. 

 This chapter seeks to summarize issues in the oral cavity that may impact nutritional intake, those 
that arise due to aberrant development, and also those that can occur during the management of other 
conditions. Education of medical practitioners, parents, and caregivers will be essential to ensure that 
oral health is maintained while nutritionally supporting the infant.  

   Normal Development 

   Craniofacial Complex 

 An intact craniofacial complex is critical for the correct function of airway, mastication, speech, and 
swallowing. Craniofacial development begins within 4 weeks after fertilization when facial, oral, and 
nasal components and the tongue develop from the  fi rst branchial arch in a preprogrammed coordi-
nated manner to form the facial structure  [  5  ] . The face develops between 24 and 38 days gestational 
age. The mandible, lower lip, chin, and gingiva develop from the mandibular prominences. Development 
of the maxillary prominences results in formation of the upper lip, cheeks, maxilla, and secondary 
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palate. The premaxilla contributes the philtrum of the upper lip, the incisor region of the maxilla, and 
the primary palate. The development of the secondary palate requires a precise sequence of events 
that allows the tongue to descend and the palatal shelves rise and fuse in the midline (Fig.  8.1 )  [  5  ] . The 
embryo at 9 weeks has a well developed maxilla, mandible, palate, lips, and tongue.   

   Teeth 

 Tooth development occurs within the dental arches and is initiated at 6.5 weeks gestational age with 
the formation of the dental lamina, which de fi nes the upper and lower dental arches. Development of 
the primary dentition occurs in utero and mineralization of the primary teeth commences at 14–16 
weeks in utero (Table  8.1 )  [  6  ] . The permanent teeth begin formation between 16 and 20 weeks in utero 
and continue to develop and calcify throughout infancy (Table  8.2 )  [  6  ] . The symmetry and sequence 
of tooth development suggest that it is under genetic control but it can be modi fi ed by hormonal 
imbalances, infections, metabolic disturbances, medications, and environmental factors.   

 The teeth emerge to a position of function within the oral cavity through the continuous process of 
tooth eruption. Tooth eruption requires a coordinated program of alveolar bone resorption and devel-
opment of root and periodontium. This complex process is under genetic control but various factors 
such as gender, socioeconomic status, body composition, and craniofacial morphology may have a 
role  [  7  ] . The time of emergence has been de fi ned as the time at which any part of the crown has 
emerged through the gingival surface, but eruption continues as each tooth moves into occlusion and 
does not cease as teeth may continue to erupt to compensate for the effects of wear in the oral cavity. 
The timing of tooth emergence varies for each tooth type, the 20 primary teeth usually have erupted 
by 3 years of age.  

   Soft Tissue Development 

 By 9 weeks gestational age, the tongue has formed and the soft tissues are organized within the oral 
cavity. The oral cavity, pharynx, and esophagus are separate regions but are controlled by the nervous 
system to coordinate sucking and swallowing. The development of effective sucking and swallowing 
involves a highly complex set of anatomical and neurological interactions that begin in utero and 
continue through infancy and early childhood. The tongue is attached to the oral mucosa via a  fi brous 
connection known as the lingual frenum (or frenulum).  

   Saliva 

 Saliva has numerous functions within the oral cavity. Drooling is a normal developmental stage for an 
infant and results not from an excess of saliva, but lack of control of the orafacial musculature. When 
drooling persists, it can indicate oromotor dysfunction which may interfere with adequate nutrient 
intake. Salivary gland agenesis can occur, although it is rare. Saliva can also be reduced secondary to 
other diseases such as ectodermal dysplasia. In addition, pediatric medications for the treatment of 
chronic diseases can also cause salivary gland hypofunction. When saliva is reduced, there may be 
dif fi culty in forming a food bolus or in swallowing food, which may also interfere with food choice 
and increase the risk for nutritional imbalance and dental infection. Food choices may be restricted 
due to lack of saliva or frequent  fl uid intake may be encouraged to substitute for saliva. Professional 
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  Fig. 8.1    Formation of oral 
structures from weeks 7 to 10 
in utero. ( a ) At 7 weeks the 
palatal shelves are forming 
from the maxillary processes 
and lie on either side of 
tongue. ( b ) The tongue is 
depressed allowing the 
palatal shelves to elevate. 
( c ) The shelves fuse and the 
nasal septum is completed 
(drawing reproduced with 
permission from ten Cate 
Oral Histology  [  5  ] )       
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management by a pediatric dentist is recommended to protect oral health while supporting the medical 
management of the underlying condition. 

 Failure of craniofacial components to merge or fuse in a normal pattern can result from genetically 
determined events or environmental or metabolic in fl uences. The range of craniofacial anomalies is 
huge and may impact on the child’s ability to achieve appropriate nutrition (Table  8.3 ). Presence or 

   Table 8.1    Chronology of the human dentition (reproduced with permission,  [  6  ] )   

 Primary teeth 

 Hard tissue 
formation begins 
(weeks in utero) 

 Amount of enamel 
formed at birth 

 Age at which enamel 
is completed 
(months after birth) 

 Mean age of 
tooth eruption 
(months+1 SD) 

 Maxillary 
 Central incisor  14  Five sixths  1.5  7.5 
 Lateral incisor  16  Two thirds  2.5  9 
 Canine  17  One third  9  18 
 First molar  15.5  Cusps united  6  14 
 Second molar  19  Cusps united  11  24 

 Mandibular 
 Central incisor  14  Three  fi fths  2.5  6 
 Lateral incisor  16  Three  fi fths  3  7 
 Canine  17  One third  9  16 
 First molar  15.5  Cusps united  5.5  12 
 Second molar  18  Cusp united  10  20 

   Table 8.2    Development of permanent teeth in childhood  [  6  ]    

 Permanent teeth  Mineralization begins (postnatal)  Enamel completed (years) 

 Central incisor  3–4 months  4–5 
 Lateral incisor  Max 10–12months  4–5 

 Mand 3–4 months  4–5 
 Canine  4–5 months  6–7 
 First premolar  Max 1.75–2 years  5–6 

 Mand 1.5–1.75 years 
 Second premolar  2.2–2.5 years  6–7 
 First Molar  At birth  2.5–3 
 Second molar  2.5–3 years  7–8 

   Table 8.3    Abnormal development of oral structures that may complicate oral feeding in infancy   

 Anomaly  Condition 

 Cleft lip (palate)  Pierre Robin Sequence, Apert syndrome, Oro-facial-digital syndrome 
 Micrognathia  Pierre Robin Sequence, Cri du Chat, Treacher Collins, Trisomy21 
 Hypodontia  Ectodermal dysplasias, Riegers Syndrome, SSCI 
 Macrostomia  Treacher Collins, Klinfelters 
 Microstomia  Trisomy 17/18, Oropalataldigital syndrome 
 Macroglossia  Trisomy 21, Crouzon syndrome, CHARGE syndrome, Beckwith–

Wiedeman, Maroteaux–Lamy syndrome, Congenital hypothyroidism 
 Hemifacial microsomia  Goldenhar, Turner, Hallermann–Streiff syndrome 
 Salivary gland hypofunction  Ectodermal dysplasia, cystic  fi brosis 
 Delayed eruption  Cleidocranial dysplasia Ellis van Creveld, Trisomy 21, Gardner syndrome 
 Abnormal frenae  Oro-facial-digital syndrome, 
 Oral ulceration  Epidermolysis bullosa, Bechet syndrome 
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absence of teeth, as well as their shape, size, and location may in fl uence nutrition for the infant. 
Diseases that affect hair, skin, and nails, such as the ectodermal dysplasias, feature absent or abnormal 
teeth and may include salivary gland hypofunction. Abnormalities associated with hard and soft tis-
sues within the oral cavity can limit food intake and affect feeding in infants.    

   Intrauterine Growth Disturbances 

 Many factors are implicated in impaired intrauterine growth disturbances, e.g. infections, medica-
tions, and maternal smoking, which potentially can give rise to aberrant intrauterine development of 
the structures of the craniofacial complex and subsequent oromotor dysfunction. Major anomalies of 
craniofacial structures can occur due to syndromes of the  fi rst branchial arch. It is still unknown how 
nutritional de fi ciencies in the mother are related to the alteration of growth patterns in the infant. It is 
documented that exposure to alcohol or anticonvulsant medication in early pregnancy can result in 
craniofacial malformations  [  8  ] . 

   Cleft lip and Palate 

 Cleft lip and palate (CL(P)) is a congenital anomaly that occurs in 0.9–1.9% live births  [  9  ] . The etiol-
ogy is complex, but there is evidence for the association of speci fi c nutrients such as folate, thiamim, 
niacin, zinc, magnesium, and vitamin A with clefting  [  10  ] . Defects in the musculoskeletal, central 
nervous system, or cardiovascular system are often associated with CL(P) when presenting as part of 
a syndrome e.g. DiGeorge/chromosome 22q11, Crouzon, Treacher Collins, Van der Woude, Oro-
facial-digital syndromes (Table  8.3 ). The disruption of the physical structure will affect the ability of 
the child to feed, and breastfeeding may not be possible. The presence of a submucous cleft should be 
investigated as this anatomical abnormality may not be initially obvious on the infant examination. 
Identi fi cation of clefting usually occurs in neonatal units where feeding support is available using 
special bottle teats to achieve an oral seal. A recent systematic review reported that there was no dif-
ference in growth outcomes between rigid or squeezable bottles. There was no evidence that use of 
palatal feeding plates improve growth in infants with clefts  [  11  ] . Early identi fi cation, surgical man-
agement, and frequent follow up by interdisciplinary teams usually prevents inadequate nutrition in 
the child with CL(P)  [  12  ] .  

   Fetal Alcohol Spectrum Disorders 

 Prenatal exposure to alcohol causes a range of abnormalities called fetal alcohol spectrum disorders. 
Alcohol effects the developing craniofacial complex giving rise to a characteristic facies, including 
short palpebral  fi ssures, a smooth philtrum, and a thin upper lip. Brain development is also disrupted, 
resulting in cognitive and behavioral problems in the infant  [  13  ] . There is a signi fi cant association 
between the measurement of facial features and the extent of brain dysfunction in individuals with 
prenatal alcohol exposure  [  14  ] . These neuropsychological de fi cits may present problems with feeding 
and appropriate weight gain in infancy  [  15  ] .  
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   Intrauterine Growth Retardation/Prematurity/Low Birthweight 

 Worldwide it is estimated that 8–20% of infants are born with low birth weight (LBW). These chil-
dren may have been born prematurely or be small for gestational age and are at increased risk of 
health problems during adult life, such as cardiovascular diseases and metabolic syndrome. Metabolic 
syndrome is de fi ned as the coexistence of hypertension, dyslipidemia, insulin resistance, and obesity 
and is thought to result from an inadequate supply of nutrients or oxygen in utero or immediately 
after birth. 

 The aim of nutritional management in infants born small is to achieve a postnatal growth rate 
equivalent to that of the third trimester of intrauterine life. The delivery of oral nutrition may be com-
plicated by malabsorption, cholestasis, or enterocolitis and hypoxic brain injury may affect ef fi cient 
oromotor function for ingestion of foods. Infants aged 35–36 gestational weeks are mature enough to 
suck and swallow milk. Less mature infants will need to be fed with breast milk supplemented with 
proteins, calories, and minerals through an oro- or nasogastric tube. Many studies have indicated that 
there are early and late effects of prematurity on the physical and psychological growth and develop-
ment of these children. Failure to establish oral feeding may result in inadequate nutrient intake and 
delayed oromotor development. If nutrition management is unbalanced, the infants can experience a 
rapid catch up growth leading to excessive weight gain. Behavioral symptoms observed in children 
born prematurely include increased rate of hyperactivity, dif fi culties in concentration, and below-
grade-level performance at school  [  16  ] . 

 Premature birth affects all tissues and organs of the body, including the facial structure and both 
primary and permanent dentitions. Direct local trauma from endotracheal intubation may cause notch-
ing/grooves on the maxillary alveolar ridge and palatal asymmetry. This may result in an altered pala-
tal morphology in the short term but there is insuf fi cient evidence for any long term effects  [  17  ] . 
Delayed eruption and developmental defects of both the primary and permanent dentitions have also 
been reported. Several studies have shown that prematurity or LBW can cause both qualitative (opaci-
ties and discoloration) and quantitative (reduced thickness and hypoplasia) defects in teeth  [  18–  20  ] . 
The extent of the defects relate to the timing of and interference with tooth development. Maternal 
under nutrition during pregnancy, de fi ciency of minerals, or medical intervention in the neonatal 
period may be associated with the presence of enamel defects  [  16  ] . Evidence is insuf fi cient to estab-
lish a relationship between caries development and low birthweight  [  21  ] . 

 Infection, pain, and sensitivity of teeth affected by caries may further diminish oral nutrient intake. 
A tendency to snack frequently, be faddy eaters, and have high levels of dental decay and erosion was 
observed in children born SGA (with no obvious comorbidities)  [  20  ] . Parents of these SGA children 
misinterpreted dietary advice during infancy and believed that frequent high calorie feedings would 
encourage catch up growth. Prolonged use of bottle feeding was common (>18 months) and frequent 
ingestion of high calorie foods continued even when catch up growth had been achieved. Parents 
admitted that oral health practices were given a low priority. The feeding practices established in 
infancy in fl uenced subsequent food choices and feeding patterns. Treatment of the decayed teeth, 
eliminating night-time bottle feeding, and reducing the frequency of snacking, combined with 
improved tooth cleaning, helped establish a healthy dentition for these children.  

   Oromotor Dysfunction 

 Effective functioning of the masticatory system is a determinant for the correct growth and develop-
ment of its structures. Any alteration to this balance such as a large tongue, mouth breathing, cranio-
facial dysmorphology, or missing or abnormal teeth may result in ineffective or uncoordinated 
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swallowing, and chewing  [  22,   23  ] . Macroglossia occurs commonly in Trisomy 21 but also occurs in 
Beckwith–Wiedeman syndrome, and the mucopolysaccaridosis. Maintenance of an oral seal requires 
coordination of the musculature of the tongue and lips. Oro-facial regulation therapy can be very suc-
cessful in improving oromotor function in children with drooling or large tongues. In some circum-
stances, surgery can also be used to assist with feeding and associated problems. 

 Children with neurodevelopmental disorders can have challenging feeding problems due to oro-
motor dysfunction. These children with special health care needs will require nutritional support, 
which may include prolonged or frequent feeding or special diets. Premature infants often have 
dif fi culty in coordinating sucking, swallowing, and breathing. These dif fi culties may continue into 
childhood if there is interference with the development of oral skills and will in fl uence oral intake, 
growth, and nutrition  [  22  ] . Professional intervention is required to maximize the potential for normal 
swallowing and adequate nutrient intake.  

   Dental Eruption 

 The appearance of teeth is an important developmental time for the infant and parent. Interference 
with breastfeeding due to erupted teeth is sometimes reported, usually where infants have natal/neo-
natal teeth. These teeth may physically damage the undersurface of the tongue (Riga–Fede disease) or 
irritate the nipple during breastfeeding. These teeth are not extra teeth and should only be extracted 
when excessively mobile. Natal and neonatal teeth may also indicate the presence of other anomalies 
and are associated with syndromes such as Hallermann-Streiff or Ellis van Creveld. 

 A range of systemic effects have been attributed to teething in infants such as irritability, disturbed 
sleep, drooling, or loss of appetite  [  24  ] . These symptoms are usually temporary and disappear once 
the tooth has erupted clinically. Teething symptoms should have no long term effect on nutrition for 
the infant, however supportive efforts by some parents can result in unsafe feeding habits such as add-
ing sugar to feeding bottles/paci fi ers and using sweetened food to pacify the baby. These practices can 
be detrimental and should be discouraged as they can in fl uence subsequent feeding patterns and taste 
preferences  [  25  ] . 

 Delayed dental emergence has been reported to be affected by suboptimal growth, malnutrition, 
low socioeconomic status, low birthweight, prenatal diseases, and developmental disabilities. 
Undernourished children have signi fi cantly slower skeletal maturation rates and delayed dental erup-
tion which complicates the interpretation of studies of caries incidence in various populations  [  26  ] . 
Brazilian children presenting height-for-age de fi cit had less pairs of emerged teeth at 6 and 12 months 
of age and children stunted at 6 months of age were more likely to have non-emerged  fi rst upper left 
and lower right permanent molars at 6 years of age  [  27  ] . In contrast, well nourished and undernour-
ished Peruvian child populations showed no effect of nourishment on mineralization of teeth  [  28  ] .   

   Abnormal Tooth Development 

 When enamel or dentin formation has been disrupted, there is a possibility that the tooth will be pain-
ful or sensitive in the oral cavity, which may affect the child’s ability to eat and function normally. 
Destruction of the second primary molars due to enamel hypoplasia occurs frequently and the risk of 
caries is increased. Molar incisor hypomineralisation is a common condition affecting the permanent 
teeth that are mineralizing within the  fi rst year of life. The etiology is unknown but illness during 
infancy is implicated  [  29  ] . Chemotherapy and radiation therapy for childhood malignancies can dis-
rupt craniofacial and tooth development, especially in children under 4 years of age and may result in 
failure of teeth to develop or dental defects which may impact on the child’s ability to eat  [  30  ] . 
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 Absence (anodontia) or reduced number of teeth (hypodontia) can occur in syndromes or condi-
tions, e.g. ectodermal dysplasias (Table  8.3 ). Most children with no other comorbidities adapt well and 
have no detrimental effect on their nutrition. Dental prostheses can be provided to assist in eating if 
necessary. Issues may arise when the absence of teeth results in prolonged infant feeding practices and 
failure to experiment with food of varying textures. Many children may have dif fi culty subsequently 
with food choices which may result in feeding issues in childhood. Special diets that require prolonged 
bottle feeding or frequent feeding can cause oral health problems in children, especially those with 
special health care needs. 

   Ankyloglossia 

 Successful breastfeeding may be hindered by numerous factors, and often professional assistance in 
infant positioning can overcome these dif fi culties. Ankyloglossia is a congenital anomaly diagnosed 
when the lingual frenum/frenulum limits mobility of the tongue (also called tongue tie, Fig.  8.2 ). 
It has been reported that infants with ankyloglossia experience dif fi culty with breastfeeding due to a 
poor latch action or problems with swallowing. This may lead to early termination of breastfeeding 
 [  31  ] . The medical and lactation professional community do not agree on whether ankyloglossia 
requires medical intervention. It is reported to occur in 1.7–5% infants and many children with anky-
loglossia breastfeed without problems. No relationship was found between frenum length and breast-
feeding dif fi culties  [  32  ]  despite this, division of the  fi brous attachment (frenulotomy/lingual 
frenectomy) is often recommended to increase mobility of the tongue  [  33,   34  ] . The NICE recommen-
dations suggest that this procedure should be considered when problems such as nipple pain and 
failure to gain weight persist despite professional counseling  [  34 ,  35  ] . The procedure is relatively 
simple and usually does not require local anesthesia.   

   Caries and Erosion 

 ECC is the currently accepted term for any carious tooth in a child under 5 years of age  [  36  ]  (Fig.  8.3a, b ). 
The frequency of breast or bottle feeding may be a risk factor when combined with poor dietary habits 

  Fig. 8.2    Ankyloglossia 
limiting tongue movement       
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and inadequate tooth cleaning. Inappropriate feeding practices such as using non-milk products (juice 
or sweetened  fl uids) in feeding bottles during sleep, beyond 18 months of age and frequent snacking or 
‘grazing’ throughout the day are commonly associated with ECC. Salivary  fl ow is reduced during sleep 
so that the liquid food is not cleared effectively, allowing extended contact on the tooth surface which 
causes demineralization of the teeth. ECC is  fi rst recognized on the upper incisors and caries may prog-
ress rapidly on tooth surfaces not usually at risk (Fig.  8.3a, b ). The lower incisors remain protected 
during sucking by the tongue and saliva, but will become involved if there is no intervention.  

 ECC is associated with prolonged on-demand feeding, especially at night, in the absence of tooth 
cleaning. Prolonged ad libitum breastfeeding has been implicated in ECC but recent reviews  [  37,   38  ]  
suggest no detrimental effects on teeth. The American Academy of Pediatric Dentistry recommends 
breastfeeding of infants with cessation of ad libitum breastfeeding as the  fi rst primary tooth begins to 
erupt and other dietary carbohydrates are introduced  [  39  ] . 

 The introduction of solid foods usually coincides with the emergence of the  fi rst teeth. Introduction 
of age appropriate foods with varying consistency and texture has important implications for food 
preferences. Infants should be weaned from breast/bottle to cup feeding as the diet advances and this 
allows introduction of new foods and textures. Cow’s milk (5% lactose) has been shown to be less 
cariogenic than either breast milk (7% lactose) or infant formulas (various concentrations of sugar) 
 [  40,   41  ] . Children fed for extended periods with a bottle may be less willing to accept new foods and 
may become faddy eaters. Parents are uneducated about the consequences of late weaning on the oral 
health of their children  [  42  ] .  

   Food Exposures 

 Parental barriers to weaning infants from a bottle include behavioral, social, and cultural issues  [  42  ] . 
Limited food exposures and preferences in infancy may lead to unbalanced nutrition which may last 
into adolescence and adulthood. Parents in fl uence the development of food preferences by restricting 

  Fig. 8.3    Early childhood 
caries affecting the upper 
teeth in a distinctive pattern. 
( a ) Notching of the incisal 
surfaces or ( b ) on the smooth 
surfaces at the cervical 
margin of the upper incisors       
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access or pushing certain foodstuffs and tastes. Food preferences for sweet and salt with a dislike for 
sour taste are believed to be genetically determined. This can be modi fi ed from birth by experience, 
therefore parental choices play a role in the development of food aversions. A tendency to avoid novel 
foods often occurs in the second year of life and there is a predisposition to learn to like foods with 
high energy density  [  43  ] . 

 It is known that the child assumes the eating habits of the family in the second year of life  [  44,   45  ] . 
Particular concern exists when the preference is for sweetened food/drink as this increases the risk for 
dental caries. In one study of at risk families, there was a 44% increase in caries in children with every 
additional soft drink consumed by the parents  [  4  ] . Parents must be supported in achieving an appro-
priate pattern of food intake for their child while minimizing the risk of caries. 

 Children with systemic illness may have an inappropriate nutrient uptake due to the underlying 
illness, e.g. cystic  fi brosis. In addition, the illness and the medications used in management may inter-
fere with a child’s appetite. Pediatric medications may have side effects that reduce salivary  fl ow 
(salivary gland hypofunction) which will increase retention of foodstuffs in the oral cavity. Importantly, 
many medications are sweetened with sucrose and are produced in viscous liquid form. This has given 
rise to the widespread belief that childhood medication is a direct cause of caries. The sucrose content 
of medications may increase the risk of caries only if the medication is allowed prolonged contact 
with the teeth. Medical practitioners should always request sugar free formulations when available 
and instruct parents to increase oral hygiene measures following ingestion of oral medication. Rinsing 
the oral cavity after ingestion of medication will remove it from the oral surfaces and lubricate oral 
mucosa if salivary  fl ow is affected. Parents and caregivers of chronically ill children often use sweet-
ened foods as rewards/bribes. Use of food in this manner should be discouraged in all health care 
settings. All of these factors increase the risk of caries in a child with long term illness or condition. 

 Effective tooth cleaning is an essential adjunct to dietary support to reduce risk of decay. Many 
parents believe that children as young as 3 years of age can clean their teeth effectively and often are 
not supervised in this essential task  [  20  ] . 

 Pain, infection, and discomfort due to established caries may interfere with adequate food intake. 
It has been shown that dental caries negatively affects body weight and growth in preschool children 
and weight gain occurs once the disease has been treated  [  46,   47  ] . The establishment of a dental home 
by 1 year of age is also encouraged where the infant is comprehensively evaluated by a dentist and an 
individualized preventive treatment plan is delivered to the primary care giver and support offered to 
minimize any possible damage to oral health  [  48  ] . Caries is a disease that is readily preventable or 
manageable through early and regular oral health care and adoption of a health-promoting diet. Where 
caries risk is increased, for whatever reason, intervention and support by a dentist will minimize this 
risk. Evidence supports the use of topical  fl uoride and application of sealants to prevent disease. 

 Erosion is tooth surface loss that is not bacterially mediated. The loss of tooth structure results from 
an acidic intraoral environment from either external or internal source. An increased consumption in 
quantity and frequency of juices and carbonated drinks is commonly associated with erosion in chil-
dren. This may have implications for the nutrition of the child as these beverages are replacing milk 
and water in the diet of children and may indicate a need for dietary intervention. Gastric-esophageal 
re fl ux disease (GERD   ) can also allow an acidic environment in the oral cavity which also complicate 
achieving a balanced nutrition intake.   

   Conclusions 

 Ef fi cient functioning of the mouth, lips, and tongue facilitate oral intake for nourishment. A wide 
range of disabilities in children can interfere with nutrition, both as a manifestation of the disability 
or as a result of its management. Even when craniofacial development is normal, feeding dif fi culties 
can arise in the neonatal period due to biological, developmental, or behavioral issues. A complex 
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neurophysiological coordination of breathing, sucking, and swallowing is required for ef fi cient oral 
food ingestion. Children with developmental disabilities such as autism, cerebral palsy, and other 
neuropathies often have dif fi culties around food and require speci fi c interventions to maintain ade-
quate nutrition. Anatomical abnormalities of the craniofacial complex may arise from genetic or envi-
ronmental effects in utero or be acquired postnatally. Some of these can be corrected surgically, 
facilitating normal oral function. Many systemic diseases have oral and nutritional implications. The 
underlying disease may require speci fi c nutritional intervention such as special diets (cystic  fi brosis 
and inborn errors of metabolism). Other conditions necessitate frequent intakes of energy-dense sup-
plements. Childhood illnesses can interfere with oral and tooth development. 

 Unfortunately, oral health is often overlooked in the medical management of chronically ill children 
and children with special needs and the most common oral diseases are preventable. Medical practi-
tioners should be able to examine and recognize dental decay and erosion in infants. A brief intraoral 
examination to observe the oral soft tissues and the teeth may identify some issues. Recommendations 
should support the parent to maintain good oral health and referral to a dentist is advised for an indi-
vidual prevention and treatment plan (Table  8.4 ). Early intervention is important to impart information 
on the consequences of poor feeding behaviors on the child’s general and oral health. A pediatric 
dentist is an essential member of the medical team and can provide additional support to medical 
practitioners and parents from birth through adolescence.       
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      Key Points 

       Gangliosides are a complex family of sialic-acid-containing glycosphingolipids.  • 
      Gangliosides are components of all vertebrate cells, with the highest concentrations being found in • 
neural tissue.  
      Gangliosides have essential roles in neurological, especially brain, development and function.  • 
      Disorders of ganglioside synthesis and ganglioside breakdown have signi fi cant impacts on neuro-• 
logical function in humans.  
      Foods of animal origin contain gangliosides, and human milk is an important ganglioside source • 
for the growing child.  
      Food gangliosides can affect the concentration of gangliosides in the blood.  • 
      Gangliosides can cross the placental barrier, affecting ganglioside levels in the brain.  • 
      Evidence (in vitro, animal and human) suggests that exogenous gangliosides (isolated or in food) • 
can impact neurological development and function in children.      

  Keywords   Gangliosides  •  Neurological development  •  Children  •  Dietary  

   Introduction     

 After over a century of investigation, gangliosides are still a group of biologically active molecules 
that deserve further study. That study could be from a number of perspectives, including ef fi cacy, 
analysis, membrane  fl uidity, cell maturation, receptor interactions, cell signalling, microbial 
interactions, genetic disorders, nerve signalling, the immune system, structure-function interactions, 
commercial production and food or medicinal applications. This chapter is focused on the role that 
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gangliosides have on neurological development and on the evidence available that exogenous or 
supplementary sources of gangliosides, such as food, can have an effect. 

   Background to Gangliosides 

 Gangliosides are a wide family of glycosphingolipids that contain one or more sialic-acid residues. 
They were  fi rst extracted from brain “Ganglionzellen” (ganglions or neurons), hence the name, but 
occur in most animal tissues and  fl uids including blood, amniotic  fl uid and milk  [  1–  3  ] . The pro fi le and 
the concentration of gangliosides depend on the organ, sub-region of the organ, tissue or  fl uid as well 
as on the stage of cellular development and the age of the organism. Although gangliosides are present 
in all vertebrate cells, they are in unusually high concentration in the cells of the nervous system 
which, along with their spatial and temporal patterns of distribution, has led to the suggestion that they 
have a special role during neurological development. 

 The word ganglioside hides a complex mix of molecular structures. Greater than 20 sialic-acid-
containing glycan structures, or moieties, are joined to a sphingosine, which can have various carbon 
chain lengths and different levels of saturation. The complexity is increased further by the range of 
fatty acids that join the other components. In fact, gangliosides are considered to be one of the most 
diverse groups of lipids. Given this variety of structures, considerable consideration must be exer-
cised when studies associated with gangliosides are compared, because different gangliosides may 
have different biological functions in the different tissues of the body. 

 Given the complexity, it is not surprising that several naming systems exist for the gangliosides. 
The most exact system is that of IUPAC  [  4  ] , which takes into consideration glycan, sphingosine and 
fatty acid components. A simpler, shorter, naming system that is based exclusively on the glycan is 
used more extensively and was developed from the thin layer chromatography of human brain gan-
gliosides  [  5  ] . This chapter uses this later, simpler, nomenclature because it will be more familiar to 
readers. Under this naming system, all ganglioside names begin with “G” and the rest of the name is 
based on the glycan component of the ganglioside. M, D, T and Q refer to mono-, di-, tri- and tetra-
sialogangliosides respectively and the numbers 1, 2, 3, etc. refer to the order of migration of the gan-
glioside on thin layer chromatography. For example, the order of migration of monosialogangliosides 
is GM3 > GM2 > GM1. As well, to indicate further variations in the basic structure, suf fi xes, such as 
a, b etc., are added, i.e. GM1a, GM1b, etc. 

 Based on their oligosaccharide structures, gangliosides can be categorized into  fi ve major families: 
gala, hemato, ganglio, lacto and globo series. The gala series is derived from galactosylceramide and 
there is only one ganglioside (GM4) in this family. All other gangliosides originate from lactosylcer-
amide and are divided into four families according to the types of sugar linked to the galactose moiety 
of lactosylceramide. 

 Variations in sialic-acid residues also contribute to the diversity in ganglioside structures. The sialic-
acid residues are present either as  N -acetylneuraminic acid or  N -glycolylneuraminic acid (NeuGc). 
NeuGc is not synthesized in humans but can be ingested in the human diet and, although the majority 
is excreted, a small proportion can be incorporated into glycan structures in small amounts  [  6  ] . 

 Additional variations include  O -acetylation of the sialic-acid residue, which can occur at the 4- or 
9-hydroxyl group, and lactonization. These modi fi cations result in a dramatic change in the function 
of the ganglioside. For example, the ganglioside GD3 is expressed uniformly in several regions of the 
developing brain.  O -acetylation in position 9 of the sialic acid generates the ganglioside 9- O -acetyl 
GD3 (9- O -Ac GD3), which has a very speci fi c temporal and spatial distribution in the developing 
brain. Furthermore, 9- O -Ac GD3 is found in melanoma cells; however, it is not found in melanocytes, 
which in turn express GD3. 
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 It is possible that the 9- O -acetyl group is more abundant than that has been described to date but is 
probably missed because it is very sensitive to alkali treatments, which are a common analytical practice 
for isolating sphingolipids. Gangliosides with sulphate groups or that are methylated at the 8-hydroxyl 
group of the sialic acid have also been described and isolated from human kidney cells. 

 The ceramide structure is very simple and sphingosine is usually the main sphingoid base. 

   Ganglioside Synthesis 

 The de novo biosynthesis of glycosphingolipids begins in the inner lea fl et of membranes in the endo-
plasmic reticulum–Golgi secretory pathway. The minimal motif that de fi nes a glycosphingolipid is a 
monosaccharide (glucose or galactose) that is attached directly to a ceramide unit. Each of these basic 
units (glucosylceramide or galactosylceramide) can be further extended by the stepwise addition of 
further monosaccharides. 

 The pathways for biosynthesis of the common series of gangliosides, e.g. of the ganglio series, 
involve sequential activities of sialyltransferases and glycosyltransferases. It has been suggested, but 
not yet proven, that these enzymes are bound to the membranes of the Golgi apparatus in a sequence 
that corresponds to the order of addition of the various carbohydrate components. 

 After the Golgi apparatus, the gangliosides are transferred primarily to the external lea fl et of the 
plasma membrane by a transport system involving vesicle formation. In the membrane, they tend to 
develop into specialized microdomains. 

 In cell types with a high concentration of gangliosides, these molecules are known to be shed from 
the surface and can be found in the body  fl uid and, in some cases, it has been shown that shed ganglio-
sides can be taken up by other cells and incorporated into their membranes. It is not known whether 
such transfer can also occur in vivo. 

 The majority of brain gangliosides belong to the ganglio series and most adult mammalian brains 
contain at least four major gangliosides, i.e. GM1, GD1a, GD1b and GT1b, which account for 80–90% 
of the total gangliosides in the brain. 

 Gangliosides of the hemato series, such as GM3 and GD3, are minor components of the adult brain 
but are very abundant during development, as described below. GM4, the only ganglioside in the gala 
series, is the third most abundant ganglioside in human white matter.   

   Changes in Individual Gangliosides During the Stages 
of Neurological Development 

 The concentrations and distributions of brain gangliosides change dramatically during development 
 [  7  ] . Two well-described features during development are the general increase in total ganglioside 
concentration and the predominance of GM3 and GD3 during early embryonic ages. At later ages, the 
gangliosides of the ganglio series increase in concentration. These changes are apparently caused by 
a shift during development from the synthesis of simple gangliosides of the hemato series to the syn-
thesis of more complex gangliosides. 

 In the human brain, it has been observed that the amount of gangliosides increases two- to threefold 
from the tenth gestational week to the age of 5 years. GD1a and GM1 are the gangliosides that increase 
more intensely and faster, speci fi cally around term. Conversely, GT1b is the major ganglioside until 
the  fi fth gestational month, but its expression decreases rapidly to term, slowly increasing after birth 
and throughout life. GD3 is highly expressed in the  fi rst trimester and decreases until the end of the 
second trimester. GD2 decreases after the second trimester and GM2 decreases after term  [  8,   9  ] . 
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 With the development of monoclonal antibodies that react with speci fi c gangliosides, it has been 
possible to describe a very interesting correlation between ganglioside expression and developmental 
events. For example, the expression of the ganglioside GQ1c is developmentally regulated in neuronal 
and glial precursor cells. Furthermore, GM2 is highly expressed in pyramidal neurons when dendri-
togenesis is occurring, decreasing after dendritic arbour maturation, and its accumulation in GM2 
gangliosidosis is associated with ectopic dendritogenesis, as is discussed later  [  10  ] . Similar observa-
tions have also been made for GD3 and 9- O -Ac GD3. 

 In the developing brain, the ganglioside 9- O -Ac GD3 is expressed in a pattern that correlates with 
periods of cell migration in the retina, superior colliculus, cerebellum and telencephalon. In the 
embryonic telencephalon, it is expressed around the ventricles and in radially oriented processes 
 [  11,   12  ] , decreasing during the  fi rst postnatal weeks. In the adult, ganglioside 9- O -Ac GD3 is restricted 
to the rostral subventricular zone (SVZ)  [  13,   14  ] . Therefore, 9- O -Ac GD3 can be observed in neuro-
genic regions of the brain throughout life. 

 In the same way, GD3 and GM3 are expressed around the ventricles, in radial glia cells (RGC)  [  15, 
  16  ] ; these cells are the main neural progenitors during embryonic life. Ganglioside GD3 is also 
expressed in neural stem/progenitor cells (NSPC) in vitro  [  17  ] . 

 The ganglioside composition of myelin has been studied and it has been shown that myelin from 
the mature brain contains a high concentration of GM1 in addition to GM4, which has been consid-
ered to be a marker for the presence of myelin in primates. Indeed, GM4 appears  fi rst in the human 
brain after the beginning of myelination  [  8  ] .  

   In Vitro Evidence of Gangliosides Affecting Neural Development 

 Since the  fi rst observations that the addition of bovine-brain gangliosides to culture media had a 
potent effect in neuroblastoma cells, enhancing axonal elongation and increasing the number and the 
length of cell processes  [  18  ] , the role of gangliosides in neuritogenesis and dendritogenesis has been 
further supported by several in vitro studies. For instance, GM1 induces neurite outgrowth in neuro-
blastoma cells  [  19  ]  and immunoblockage of 9- O -Ac GD3 reduces neurite extension in embryonic 
dorsal root ganglia explants  [  13,   14  ] . In contrast, the gangliosides GD1a and GT1b bind to myelin-
associated glycoprotein, presenting a role in myelin stabilization and supporting neurite outgrowth 
inhibition in the adult brain  [  20  ] . 

 The biological function of gangliosides in neural development has also been demonstrated by sev-
eral studies showing that the ganglioside 9- O -Ac GD3 is important for glial-guided neuronal migra-
tion of cerebellar granule neurons both in vitro  [  21,   22  ]  and in vivo  [  23  ]  and that 9- O -Ac GD3 
immunoblockage arrests neuronal migration in embryonal carcinoma stem cell aggregates  [  24  ] . 

 Furthermore, gangliosides might regulate synaptic transmission in the nervous system. Depletion 
of glycosphingolipids with the glucosylceramide synthase inhibitor  d -threo-1-phenyl-2-decanoylam-
ino-3-morpholino-1-propanol decreased synapse formation in cultured rat cerebral cortical neurons, 
as indicated by a suppression of spontaneous synchronized oscillatory activity of intracellular Ca 2+ . 
This effect was reversed by supplementation of the culture medium with GQ1b, but not by supplemen-
tation with GM1, GD1b or GD3  [  25  ] . Accordingly, GQ1b enhanced ATP-induced long term potentia-
tion (LTP) in CA1 neurons of guinea pig hippocampal slices, in part through a modulation of NMDA 
receptors/Ca 2+  channels  [  26  ] . These observations were recently con fi rmed using (beta)  b 1,4- N -acetyl-
galactosaminyltransferase ((beta)  b 1,4 GalNAc-T) transgenic mice, which have decreased levels of 
b-pathway gangliosides, including GQ1b, in the hippocampus. These mice exhibited learning de fi cits 
and an altered synaptic plasticity, as evidenced by an attenuation of the induction of LTP  [  27  ] . 

 Recently, an increasing number of studies have examined how gangliosides exert their actions in 
the nervous system. Glycosphingolipids, gangliosides in particular, are important components of lipid 
rafts, i.e. special membrane regions in which lipids, signalling proteins and cell-adhesion molecules 
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are clustered. Gangliosides can interact with these proteins in lipid rafts, modulating their action in a 
speci fi c manner. For instance, they can modulate the effects of growth factors, affecting the binding 
of these molecules with their receptors. It has been shown that the interaction of GM3 with the extra-
cellular domain of epidermal growth factor receptor (EGFR) inhibits the autophosphorylation of 
EGFR  [  28  ] , and that the association of GM1 with tyrosine kinase receptors potentiates the effects of 
nerve growth factor (NGF) on neurite outgrowth  [  29  ] . In addition, GT1b and GM1 promote the release 
of brain-derived neurotrophic factor in human neuroblastoma cells  [  30  ] , suggesting that gangliosides 
can modulate the effects of neurotrophins by multiple mechanisms. Therefore, it is not surprising that 
gangliosides are implicated in the regulation of cell survival. For example, it has been demonstrated 
that GM1 promotes neuronal survival, potentiating the effects of NGF  [  31  ] , and that deacetylation of 
endogenous 9- O -Ac GD3 induces apoptosis in a human glioblastoma cell line that expresses high 
levels of this ganglioside  [  32  ] .  

   Roles of Various Gangliosides During the Stages of Neurological Development 

 Gangliosides control many steps in the development of the central nervous system (CNS), regulating 
processes such as apoptosis, proliferation, migration, neuritogenesis, axonogenesis, dendritogenesis 
and synaptic transmission. 

 Mice lacking the enzyme UDP-glucose:ceramide glucosyltransferase in neural cells, which is 
responsible for the initial step of glycosphingolipid biosynthesis, developed severe ataxia and motor 
impairments in the  fi rst postnatal week and died within 24 days. These mice had abnormally large 
peripheral nerve axons and myelin sheaths. Moreover, primary neuronal cultures from their embry-
onic hippocampus revealed reduced neurite outgrowth  [  33  ] . 

 The complete absence of the ganglio series of gangliosides in double-null mice carrying mutations 
in the enzymes GM2/GD2 synthase (encoded by the GalNAc-T gene) and GM3 synthase (encoded by 
the Siat9 gene) resulted in progressive neurological impairment, beginning in the second postnatal 
week. The animals displayed severe neurodegeneration, axonal degeneration and vacuolization in the 
spinal and cerebellar white matter and died within the  fi rst 2 months  [  34  ] . However, knockout mice for 
the gene GalNAc-T did not present gross morphological changes in the CNS  [  35  ] , although they devel-
oped axonal degeneration in the optic and sciatic nerves, decreased myelination in the CNS and demy-
elination in the peripheral nervous system  [  36  ] . As the brains of these mice still contained the simple 
gangliosides GD3 and GM3, it is possible that they could compensate for the absence of the complex 
ganglio series of gangliosides, suggesting a possible redundant function of different gangliosides. 
Similarly, mice de fi cient in the enzyme GD3 synthase, which lack all b- and c-series gangliosides, had 
an apparently normal CNS morphology. They exhibited only subtle changes, such as a decreased 
regenerative potential after hypoglossal nerve axotomy  [  37  ]  and an abnormal pain perception  [  38  ] . 

 Several observations also suggest that gangliosides could modulate neurogenesis and gliogenesis, 
by controlling basic functional properties of NSPC. During brain development, the gangliosides GD3 
and 9- O -Ac GD3 are expressed in at least two main types of NSPC: neuroepithelial progenitors, the 
proliferative cells that form the pseudo-strati fi ed epithelium of the ventricular zone  [  39  ] , and RGC, 
which appear after the onset of neurogenesis and have some astroglial characteristics  [  12,   15  ] . 
Although the role of 9- O -Ac GD3 and GD3 in NSPC remains to be elucidated, a reduction in the 
proliferation of NSPC was observed after GD3 synthase overexpression in NSPC in vitro  [  39  ] . 

 In addition, gangliosides could modulate programmed cell death, an important mechanism that 
controls the number of neural progenitors and postmitotic neurons during brain development  [  40  ] . 
Accordingly, it has been shown that intracerebroventricular administration of GM3 in neonatal ani-
mals decreases proliferation and increases the number of apoptotic cells in the SVZ, an important 
neurogenic region that persists throughout life. GM3 also induces the apoptosis of proliferating astro-
cytes and of neuronal and glial precursors in vitro  [  41  ] .  
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   Disturbances of Ganglioside Metabolism and Effects 
on Neurological Development 

 The relevant biological function of gangliosides during brain development is also suggested by the 
presence of marked neurological dysfunction in patients with disorders of lysosomal metabolism in 
which speci fi c gangliosides accumulate in the CNS because of a de fi ciency in their catabolism. 

 GM1 gangliosidosis is an autosomal recessive lysosomal storage disorder that is due to a de fi ciency 
of the lysosomal hydrolase  b -galactosidase, resulting in the accumulation of GM1 and related glyco-
conjugates in several tissues and particularly in the CNS. Neurodegeneration and demyelination are 
usually observed. Disease onset can occur between birth and 6 months and rapidly progresses, with 
CNS degeneration and death within the  fi rst years of life, or the disease can have a slower progression, 
appearing between 7 months and 3 years, retarding the cognitive development of affected children. 
Alternatively, a late-onset form of the disease, in which there is local deposition of GM1 in the cau-
date nucleus, may occur, causing an extrapyramidal disorder  [  42  ] . In contrast, one study demonstrated 
that GM1 has an anti-apoptotic role in striatal cell lines, through activation of the prosurvival kinase 
Akt, and it has been suggested that reduced levels of GM1 are involved in the pathogenesis of 
Huntington’s disease  [  43  ] . Taken together, these observations suggest that the presence of the correct 
amount of GM1 is necessary to prevent apoptosis in the CNS. 

 GM2 gangliosidoses are genetic disorders that result from a de fi ciency in the enzyme (beta) 
 b -hexosaminidase, which is responsible for the degradation of GM2 gangliosides. Tay–Sachs disease 
is caused by a mutation in the hexosaminidase A (HEXA) gene (which encodes the (alpha)  a -subunit 
of (beta)  b -hexosaminidase), leading to a de fi ciency of the A isoenzyme, whereas Sandhoff disease is 
caused by a mutation in the HEXB gene (which encodes the (beta)  b -subunit of (beta)  b -hexosamin-
idase), leading to a de fi ciency of both the A and B isoenzymes. As a result, there is progressive accu-
mulation of GM2 in the CNS and in the peripheral autonomic nervous system in both diseases, 
resulting in neurodegeneration. Depending on the residual activity of the enzyme, the onset of the 
diseases may be varied, classifying them into infantile, juvenile and adult forms. Motor impairment, 
seizures, weakness and blindness are some of the symptoms that can be observed during the course of 
both diseases  [  44  ] . 

 One of the key  fi ndings in the brains of patients with GM2 gangliosidosis is the presence of ectopic 
dendritogenesis, observed for the  fi rst time in 1975 during a Golgi analysis in a cortical biopsy from 
a child with a progressive form of mental retardation. Meganeurites can be observed mainly in cortical 
pyramidal neurons, as a result of abnormal ganglioside storage in swollen compartments at the axon 
hillock. These meganeurites are composed of dendritic-like membranes and long dendritic spine-
covered processes emanate from them. Synapses in the surfaces of the meganeurites can also be 
observed  [  10  ] . 

 Furthermore, GM2 accumulation increases the proliferation of astrocytes with a disrupted HEXB 
gene  [  45,   46  ] . This observation suggests that the neuropathological alterations observed in GM2 gan-
gliosidosis are not exclusive of neurons. In this regard, microglial cell function might also be affected 
by the abnormal accumulation of GM2  [  45,   46  ] . 

 Ectopic dendritic sprouting is not unique to GM2 gangliosidosis and can be found in other storage 
diseases. Although a disturbance of ganglioside degradation is not the primary biochemical defect in 
these diseases, several studies have shown that GM2 may be involved in their pathogenesis. For 
instance, it was demonstrated that GM2 accumulation preceded ectopic dendritic formation in alpha-
mannosidosis, mainly in a subset of pyramidal neurons that developed ectopic dendrites. However, the 
role of ganglioside accumulation in other storage disorders is still not completely understood. 
Niemann–Pick disease type C (NPC) is caused by a defect in NPC1, a transmembrane protein that is 
involved in the intracellular transport of cholesterol to post-lysosomal destinations. When mice carry-
ing a mutation in NPC1 were bred with mice carrying a mutation in GalNAc-T, which encodes the 
enzyme that synthesizes GM2 and complex gangliosides, the characteristic neuronal storage pathology 
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(including abnormal storage of cholesterol) was reduced in the double mutant mice. However, it was 
not accompanied by an improvement in the clinical phenotype and neurodegeneration was not reduced 
 [  47  ] . In contrast, treatment with an inhibitor of glucosylceramide synthase, a pivotal enzyme in the 
early pathway of glycosphingolipid synthesis, reduced ganglioside accumulation and the neuropatho-
logical changes in murine and feline animal models of NPC  [  48  ] . 

 Whereas gangliosidoses are caused by a disruption of ganglioside catabolism, an autosomal reces-
sive infantile-onset symptomatic epilepsy syndrome that is caused by a defect in ganglioside biosyn-
thesis was described for the  fi rst time by Simpson et al.  [  49  ] . They reported that a loss-of-function 
mutation in the gene of GM3 synthase, which is a pivotal enzyme for the synthesis of a- and b-series 
complex gangliosides, was observed in children from two families who presented developmental 
stagnation, blindness and an epilepsy syndrome. Similarly, mice with a disruption of the gene for 
GM2/GD2 synthase (GalNAc-T) were unable to synthesize complex gangliosides and had an increased 
susceptibility to kainate-induced seizures and neurodegeneration in the hippocampal CA3 region, 
which could be reversed by administration of LIGA-20, a semi-synthetic analogue of GM1  [  50  ] . 
Moreover, double knockout mice for the GD3 synthase and the GM2/GD2 synthase, which express 
GM3 as the major ganglioside, developed lethal seizures in response to sound stimulus  [  51  ]  and 
reduced levels of gangliosides were observed in the cerebral  fl uid of patients with West syndrome, an 
infantile epileptic syndrome  [  52  ] . 

 In conclusion, the expression of gangliosides needs to be highly regulated throughout life. 
Disturbances in the temporal and spatial expression of gangliosides may affect the normal develop-
ment of the CNS, causing severe neurological symptoms.  

   Dietary Sources of Gangliosides 

 The time frame for the diet to in fl uence neurological development and function extends from the time 
of conception to old age. In some ways, brain development can be termed magical because of the 
amount of knowledge we do not have relating to its compositional, structural and functional aspects; 
it just happens. Furthermore, knowledge of dietary in fl uences can be described as extensive but by no 
means complete. 

 One issue that is often overlooked in various publications is the extraction and analytical tech-
niques that are used in studies and how results are expressed. As described earlier, gangliosides are a 
complex group of molecules but the common factors are the ceramide and the presence of sialic acid. 
Until very recent developments in high performance liquid chromatography-mass spectrometry tech-
nologies  [  53,   54  ] , the quanti fi cation of gangliosides was limited to measuring only the amount of 
sialic acid and that was referred to as lipid-bound (or associated) sialic acid (LBSA or LASA); thus 
many studies quanti fi ed sialic acid by scanning the thin layer chromatography plate stained for sialic 
acid and possibly report a percentage contribution of each ganglioside group to this amount. This does 
not actually give an amount of each ganglioside because of the different numbers of sialic-acid resi-
dues and the range of fatty acids linked to each ganglioside. Also, in many publications, it is not pos-
sible to determine whether the relative amounts of the sialic acids were taken into consideration when 
the percentage of each ganglioside group was expressed. The validation of extraction is not addressed 
suf fi ciently in many publications as many studies applied the same technique for different tissues or 
liquids (matrix) without validating the recovery of each type of ganglioside. This is an important 
aspect of the analysis as the polarity of GM3 is very different from that of GQ1, because of the size 
of the glycan group, and this can in fl uence partitioning in many of the extraction techniques. 

 During the  fi rst months of life, nutrition plays a major role not only for the physical growth but also 
for the cognitive development of an infant. Several clinical trials have demonstrated better cognitive 
development of breast-fed infants than of formula-fed infants  [  55,   56  ] . In recent years, this effect has 
been considered to be due mainly to the presence of long chain polyunsaturated fatty acids (LCPUFAs) 
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in breast milk, which are absent from unsupplemented infant formulae (IFs). For more than a decade, 
the role of docosahexaenoic acid (DHA) has been studied in relation to an infant’s cognitive develop-
ment. As a result, most IFs (including formulae for healthy term infants) today are supplemented with 
DHA for “better cognitive and visual function development”. However, the lipid composition of breast 
milk (as well as of an infant’s brain) is far more complex, containing, apart from LCPUFAs, complex 
lipids, cholesterol, gangliosides, cerebrosides and others. 

 This leads to the question “What are the other lipids that may also have an effect on brain develop-
ment?” It is well known that most of the accretion of DHA to neural tissue occurs during the last tri-
mester of pregnancy, whereas the concentration of gangliosides in the developing human brain increases 
by 300% from as early as the 15th week of foetal life to the age of 6 months  [  57  ] . The hippocampus, 
which is responsible for memory and learning processes in the human brain, shows a 30% increase in 
ganglioside concentration between weeks 16 and 22 of gestation  [  58  ] . The fact that gangliosides start 
accumulating in the brain of a human foetus at such early developmental stages indicate that they may 
play important role in the complex process of the development of brain structure and function. 
Prenatally, the maternal diet is the source of exogenous gangliosides for the foetus. 

 After birth, breast milk becomes the main dietary source of gangliosides for the infant’s brain. The 
degree of de novo synthesis has not been determined but it has been demonstrated that the concentra-
tion of gangliosides and glycoprotein sialic acid in the brains of breast-fed infants is signi fi cantly 
higher than that in infants fed with unsupplemented IFs  [  59  ] . As Table  9.1  shows, historical analyses 
of bovine milk and human milk indicate similar concentrations. The actual  fi gures must be considered 
in the light of the analytical techniques but, when compared using similar techniques, human milk 
contains a higher concentration of gangliosides than the majority, if not all, of the IFs on the market 
today. Within IFs, there is a major variation in the concentration of gangliosides, ranging from zero in 
soy-based IFs to the greatest concentration in high quality whey-dominated IFs with ganglioside 
supplementation. Until recently, very few data on the ganglioside content of a range of foods have 
been available and even now the data are limited (Table  9.2 ). Milk and milk products (Tables  9.1  and 

   Table 9.1    Ganglioside concentration of human milk, bovine milk and infant formula   

 Milk source  Ganglioside ( m g)/mL 

 Human milk  10–16 a  
 Bovine milk  10–14 b  
 Infant formula  2.3–16 c  

   a Nakano  [  63  ]  
  b Nakano  [  63  ] , Sorenson  [  53  ]  and Fong et al.  [  87 ]   
  c Sanchez-Diaz et al.  [  88 ]  , Sorenson  [  53  ]  and Fong et al.  [  87 ]    

   Table 9.2    Ganglioside contents of some foods   

 Food  LBSA ( m g)/g or mL  Reference 

 1% fat milk  0.5  Pham    et al.  [  84 ]   
 Yoghurt  0.7  Pham et al.  [  84 ]   
 Yoghurt  5.4 (dry weight)  Moore et al.  [  83  ]  
 Cheddar cheese  0.7  Pham et al.  [  84  ]  
 Sweet buttermilk  6.6 (dry weight)  Moore et al.  [  83  ]  
 Cultured buttermilk  3.9 (dry weight)  Moore et al.  [  83  ]  
 Whole milk  0.7 (dry weight)  Moore et al.  [  83  ]  
 Skim milk  0.03, 0.12 (dry weight)  Moore et al.  [  83  ]  
 Tuna  0.8  Pham et al.  [  84 ]   
 Ground beef  1.6 a   Pham et al.  [  84 ]   
 Egg yolk  1.7  Pham et al.  [  84 ]   
 Egg yolk  0.7 mg ganglioside/g  Li et al.  [  85 ]   
 Chicken liver  102  Shiraishi and Uda  [  86 ]   

   a Average of cooked and raw. Moore et al.  [  83  ]   
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 9.2 ) have been best characterized but further work is still required to obtain a more de fi nitive position 
for these products. As Table  9.2  shows, the range of foods for which data are available is small. As 
plants do not synthesize sialic acid, no gangliosides are found in plant foods.    

   In Vivo Evidence of Exogenous Ganglioside Sources In fl uencing 
Neurological Development 

 Rahman  [  60  ]  provides a convincing argument for the role of gangliosides in facilitating memory for-
mation. However, for dietary gangliosides to be able to have any effect on neurological development, 
there are three major prerequisites.

    1.    They must have the ability to survive in the gastrointestinal tract.  
    2.    They must be able to be absorbed from the gastrointestinal tract.  
    3.    They must reach the brain by crossing the blood–brain barrier.     

 In addition to these prerequisites, gangliosides must be able to cross the placenta in order to 
support the brain development of the foetus in utero. All these prerequisites have been addressed in 
the scienti fi c literature either by using animal models or by performing human trials. 

 That diet can in fl uence cognition was demonstrated in a recent study by Crichton et al.  [  61  ] , which 
showed that frequent dairy food intake is associated with better cognitive performance, even though 
the underlying mechanisms or ingredients that were responsible for this effect were not determined. 
With respect to gangliosides from dairy foods surviving the gastrointestinal tract, Idota and Kawakami 
 [  62  ]  showed that at least 80% of GD3 and GM3 from human milk remained intact after passing 
through the acidic conditions in the infant’s stomach and subsequently reached lower parts of the 
gastrointestinal tract. This survivability was con fi rmed by measuring the concentration of glycolipids 
in the faeces of breast-fed infants; it was shown that the ganglioside content of the faeces re fl ected the 
ganglioside content in the breast milk  [  63  ] . Nevertheless, some losses in gangliosides and sialic acid 
occur during the gastric and intestinal phases of digestion  [  64  ] , which needs to be considered when 
supplementing paediatric or other formulations with gangliosides. 

 The further fate of dietary gangliosides is more complex. They can be absorbed in the small intes-
tine  [  65  ]  and be either incorporated into enterocytes or transported to different tissues in the body. 

 Once gangliosides reach the targeted tissue, their structure will be remodelled according to the 
speci fi c ganglioside needs in the particular tissue at the particular age of the individual. In the intes-
tine, differences in ganglioside composition and concentration may have an in fl uence on gut develop-
ment and protection; for example, dietary gangliosides have the ability to support gut integrity by 
inhibiting the degradation of tight junction proteins during acute in fl ammation  [  66  ]  or infection. 

 Either intact or remodelled gangliosides do reach the blood; the total ganglioside level in rat plasma 
increased after dietary ganglioside supplementation  [  65  ] . It was unclear whether this increase in blood 
gangliosides was a result of the same gangliosides being absorbed from the gut and transported to the 
blood intact or was largely a result of their remodelling in the enterocytes. The results for infants who 
were fed conventional IF, IF supplemented with bovine-milk gangliosides or human milk for 24 weeks 
indicates that remodelling prior to transport to the bloodstream occurs. This is because the actual 
blood ganglioside GM3:GD3 ratio  [  67  ]  did not change signi fi cantly even though the conventional IF 
and the supplemented IF were ganglioside GD3 dominant whereas, at this stage in lactation, human 
milk is becoming or is ganglioside GM3 dominant  [  63  ] . 

 The brain contains 15 times more gangliosides than visceral organs  [  68  ] , and their concentration 
increases rapidly at very early stages of gestation. In addition to the indirect evidence, the ability of 
gangliosides to cross the human placenta has been con fi rmed directly by using an ex vivo model of 
dually perfused isolated human placenta lobules. It was demonstrated that bovine-milk-derived 
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gangliosides GM3 and GD3 were taken up from the maternal perfusate, with a consequent increase in 
their concentration on the foetal side  [  69  ] . Studies in rats supported this, with injected radiolabelled 
GM1 leading to the radiolabel being present in a number of tissues including the maternal and foetal 
brains, with placental transfer being as rapid as 30 min  [  70  ] . This also shows that gangliosides do 
cross the blood–brain barrier. 

 After birth, breast milk or IF becomes the main source of nutrients for the rapidly growing infant. 
IFs contain signi fi cantly lower amounts of gangliosides than human milk and have great variability in 
their composition and concentration, and to a large extent re fl ect the ganglioside composition of cow’s 
milk  [  71  ] . These differences in ganglioside concentration in human milk and IF are re fl ected in the 
ganglioside concentrations in the brains of infants. Wang et al.  [  59  ]  measured ganglioside and protein-
bound sialic acid in the frontal cortex of infants who had died from sudden infant death syndrome. 
They reported that the infants fed human milk had, on average, 32% higher brain ganglioside content 
( P  = 0.013). Protein-linked sialic-acid concentrations were also higher ( P  = 0.01) in infants fed human 
milk than in infants fed IF. 

 Whether these differences in ganglioside concentration have any in fl uence on brain development 
and performance is not entirely clear but indications are that they may. Clinical trials demonstrate 
better cognitive development of breast-fed infants than of formula-fed infants  [  55,   56  ] , which could 
suggest that gangliosides may play an important role in this process; however, the same could be said 
for many molecules, such as sialic acid, sphingomyelin and other phospholipid species that are lower 
in concentration in IFs. 

 Several animal trials have been performed to investigate this question; although the results were as 
variable as the trial designs, most supported the hypothesis that dietary gangliosides can improve cog-
nitive function in rats. Inconsistent results may have been due to variations in the composition of the 
gangliosides tested, their dosage and the tests used to access cognitive function. In some trials, gan-
gliosides derived from bovine brain were used  [  72,   73  ] , with mixed results being obtained. One such 
trial, in which either bovine-brain-derived ganglioside or placebo was injected into rats at different 
ages, showed that gangliosides signi fi cantly enhanced the learning ability of neonatal, adult and aged 
rats. Likewise, the results of memory tests showed that there was a signi fi cant difference in memory 
retention between ganglioside-treated rats and rats receiving placebo  [  74  ] . GM1 has been the focus of 
experimentation because of its possible pharmaceutical applications as a neuroprotective agent and 
because it has also been shown to prevent seizures and oxidative stress induced in rats by glutaric acid 
and pentylenetetrazole  [  75  ] . Of more interest are the animal trials in which milk-derived gangliosides 
were used because milk seems to be a more appropriate source of gangliosides than bovine brain for 
infant nutrition. Animal trials in which bovine-milk-derived gangliosides were used showed signi fi cant 
increases in total brain, retina and intestinal mucosa ganglioside concentrations  [  65,   76,   77  ] , which 
con fi rms their ability to reach the brain from the diet regardless of whether the animal consumes or is 
in utero and its mother consumes. Vickers et al.  [  78  ]  supplemented rats with a complex milk lipid 
containing gangliosides from an early age, through weaning and on to young adulthood. Although the 
brain ganglioside concentrations were not signi fi cantly increased, the study showed that the supple-
mentation improved cognitive measures of novelty recognition and spatial memory. 

 Very few human clinical trials in this area have been performed but those available suggest that 
there is a basis for the hypothesis that exogenous or dietary gangliosides can in fl uence neurological 
development and measures of cognition. In one large trial, Xu and Zhu  [  79  ]  reported evidence of the 
effects of exogenous and orally administered gangliosides on the brain functions of 2,230 children 
suffering from cerebral palsy. They reported that the oral ganglioside treatment improved the neuro-
logical symptoms associated with cerebral palsy, in particular muscle tension, limb function, language 
ability and intelligence. The authors stated that treatment resulted in a faster improvement with 
younger children (0–3 years). In older people, a 5-year ganglioside GM1 treatment study with 
Parkinson sufferers found that treatment led to signi fi cantly lower motor and activities of daily living 
scores on the Uni fi ed Parkinson’s Disease Rating Scale  [  80  ] . A small trial (42 treatment and 30 con-
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trol) on low-birth-weight infants studied the effect of intravenous GM1 using the Gesell scale to 
assess neurobehaviour and found signi fi cant improvement in neurobehaviour at 6 and 12 months, 
especially with respect to gross and  fi ne movement  [  81  ] . Another small study  [  82  ]  showed that sup-
plementing an IF with bovine-milk-derived gangliosides (mainly GD3) increased serum gangliosides 
over those in the unsupplemented formula to those of human-milk-fed babies and that measures of 
cognitive development on the Grif fi ths scale (hand-eye co-ordination and performance IQ) were 
signi fi cantly improved over those of the unsupplemented IF group and were not signi fi cantly different 
from those of the human-milk-fed group. 

 In conclusion, the experimental evidence points to dietary gangliosides being able to meet the three 
requirements of surviving the gastrointestinal tract, being absorbed and being transported to the brain 
of the consumer or, in the case of a pregnant mother, to the brain of the foetus. The evidence from 
animal and human studies also indicates that supplementation could have an effect on neurological 
development or cognitive functioning. 

 Clearly, more clinical trials are needed to further con fi rm the ability of dietary gangliosides to 
improve cognitive development, but the results that are already available show that this is an encour-
aging area for further research. Not only formula-fed infants (especially premature infants and infants 
suffering neurological damage at birth) but also adults and elderly people should be included in such 
trials. Although infancy is a critical period for the development of brain and cognitive function, adult-
hood and ageing are the periods in life when cognitive function starts to decline and dietary ganglio-
sides may play an important role in supporting better cognitive performance.      

   References 

    1.    Klenk E. Uber die Ganglioside, eine neue Gruppe von zukkerhaltigen Gehirnlipoiden. Z Physiol Chem. 
1942;273:76–86.  

    2.    Wiegandt H. Gangliosides. In: Wiegandt H, editor. Glycolipids. Amsterdam: Elsevier; 1985. p. 101–98.  
    3.    Rueda R, Gil A. Role of gangliosides in infant nutrition. In: Huang YS, Sinclair AJ, editors. Lipids in Infant 

Nutrition. Champaign, IL: AOCS; 1998. p. 213–34.  
    4.   IUPAC (Moss GP). Nomenclature of glycolipids (recommendations 1997).   http://www.chem.qmul.ac.uk/iupac/

misc/glylp.html    . Accessed September 19, 2011.  
    5.    Svennerholm L. Chromatographic separation of human brain gangliosides. J Neurochem. 1963;10:613–23.  
    6.    Tangvoranuntakul P, Gagneux P, Diaz S, et al. Human uptake and incorporation of an immunogenic nonhuman 

dietary sialic acid. Proc Natl Acad Sci U S A. 2003;100:12045–50.  
    7.    Yu RK, Macala LJ, Taki T, Wein fi eld HM, Yu FS. Developmental changes in ganglioside composition and synthesis 

in embryonic rat brain. J Neurochem. 1988;50:1825–9.  
    8.    Svennerholm L, Boström K, Fredman P, Månsson JE, Rosengren B, Rynmark BM. Human brain gangliosides: 

developmental changes from early fetal stage to advanced age. Biochim Biophys Acta. 1989;1005:109–17.  
    9.    Kracun I, Rosner H, Drnovsek V, Heffer-Lauc M, Cosović C, Lauc G. Human brain gangliosides in development, 

aging and disease. Int J Dev Biol. 1991;35:289–95.  
    10.    Walkley SU. Neurobiology and cellular pathogenesis of glycolipid storage diseases. Philos Trans R Soc Lond B. 

2003;358(1433):893–904.  
    11.    Blum AS, Barnstable CJ. O-acetylation of a cell-surface carbohydrate creates discrete molecular patterns during 

neural development. Proc Natl Acad Sci U S A. 1987;84:8716–20.  
    12.    Mendez-Otero R, Schlosshauer B, Barnstable CJ, Constantine-Paton M. A developmentally regulated antigen 

associated with neural cell and process migration. J Neurosci. 1988;8:564–79.  
    13.    Mendez-Otero R, Friedman JE. Role of acetylated gangliosides on neurite extension. Eur J Cell Biol. 

1996;71:192–8.  
    14.    Mendez-Otero R, Cavalcante LA. Expression of 9-O-acetylated gangliosides is correlated with tangential cell 

migration in the rat brain. Neurosci Lett. 1996;204:97–100.  
    15.    Cammer W, Zhang H. Ganglioside GD3 in radial glia and astrocytes in situ in brains of young and adult mice. 

J Neurosci Res. 1996;46:18–23.  
    16.    Stojiljković M, Blagojević T, Vukosavić S, et al. Ganglioside GM1 and GM3 in early human brain development: 

an immunocytochemical study. Int J Dev Neurosci. 1996;14:35–44.  

http://www.chem.qmul.ac.uk/iupac/misc/glylp.html
http://www.chem.qmul.ac.uk/iupac/misc/glylp.html


116 R. Mendez-Otero et al.

    17.    Nakatani Y, Yanagisawa M, Suzuki Y, Yu RK. Characterization of GD3 ganglioside as a novel biomarker of mouse 
neural stem cells. Glycobiology. 2010;20:78–86.  

    18.    Roisen FJ, Bartfeld H, Nagele R, Yorke G. Ganglioside stimulation of axonal sprouting in vitro. Science. 
1981;214(4520):577–8.  

    19.    Singleton DW, Lu CL, Roisen FJ. Promotion of neurite outgrowth by protein kinase inhibitors and ganglioside 
GM1 in neuroblastoma cells involves MAP kinase ERK ½. Int J Dev Neurosci. 2000;18:797–805.  

    20.    Vyas AA, Patel HV, Fromholt SE, et al. Gangliosides are functional nerve cell ligands for myelin-associated 
 glycoprotein (MAG), an inhibitor of nerve regeneration. Proc Natl Acad Sci U S A. 2002;99:8412–7.  

    21.    Mendez-Otero R, Constantine-Paton M. Granule cell induction of 9-O-acetyl gangliosides on cerebellar glia in 
microcultures. Dev Biol. 1990;138:400–9.  

    22.    Santiago MF, Berredo-Pinho M, Costa MR, Gandra M, Cavalcante LA, Mendez-Otero R. Expression and function 
of ganglioside 9-O-acetyl GD3 in postmitotic granule cell development. Mol Cell Neurosci. 2001;17:488–99.  

    23.    Santiago MF, Costa MR, Mendez-Otero R. Immunoblockage of 9-O-acetyl GD3 ganglioside arrests the in vivo 
migration of cerebellar granule neurons. J Neurosci. 2004;24:474–8.  

    24.    Santiago MF, Liour SS, Mendez-Otero R, Yu RK. Glial-guided neuronal migration in P19 embryonal carcinoma 
stem cell aggregates. J Neurosci Res. 2005;81:9–20.  

    25.    Mizutani A, Kuroda Y, Muramoto K, Kobayashi K, Yamagishi K, Inokuchi J. Effects of glucosylceramide synthase 
inhibitor and ganglioside GQ1b on synchronous oscillations of intracellular Ca2+ in cultured cortical neurons. 
Biochem Biophys Res Commun. 1996;222:494–8.  

    26.    Fujii S, Igarashi K, Sasaki H, et al. Effects of the mono- and tetrasialogangliosides GM1 and GQ1b on  ATP-induced 
long-term potentiation in hippocampal CA1 neurons. Glycobiology. 2002;12:339–44.  

    27.    Ikarashi K, Fujiwara H, Yamazaki Y, et al. Impaired hippocampal long-term potentiation and failure of learning in 
{beta}1,4-N-acetylgalactosaminyltransferase gene transgenic mice. Glycobiology. 2011;21:1373–81.  

    28.    Miljan EA, Meuillet EJ, Mania-Farnell B, et al. Interaction of the extracellular domain of the epidermal growth 
factor receptor with gangliosides. J Biol Chem. 2002;277:10108–13.  

    29.    Mutoh T, Tokuda A, Miyadai T, Hamaguchi M, Fujiki N. Ganglioside GM1 binds to the Trk protein and regulates 
receptor function. Proc Natl Acad Sci U S A. 1995;92:5087–91.  

    30.    Lim ST, Esfahani K, Avdoshina V, Mocchetti I. Exogenous gangliosides increase the release of brain-derived 
neurotrophic factor. Neuropharmacology. 2011;60:1160–7.  

    31.    Huang F, Dong X, Zhang L, et al. The neuroprotective effects of NGF combined with GM1 on injured spinal cord 
neurons in vitro. Brain Res Bull. 2009;79:85–8.  

    32.    Malisan F, Franchi L, Tomassini B, et al. Acetylation suppresses the proapoptotic activity of GD3 ganglioside. 
J Exp Med. 2002;196:1535–41.  

    33.    Jennemann R, Sandhoff R, Wang S, et al. Cell-speci fi c deletion of glucosylceramide synthase in brain leads to 
severe neural defects after birth. Proc Natl Acad Sci U S A. 2005;102:12459–64.  

    34.    Yamashita T, Wu YP, Sandhoff R, et al. Interruption of ganglioside synthesis produces central nervous system 
degeneration and altered axon-glial interactions. Proc Natl Acad Sci U S A. 2005;102:2725–30.  

    35.    Takamiya K, Yamamoto A, Furukawa K, et al. Mice with disrupted GM2/GD2 synthase gene lack complex gan-
gliosides but exhibit only subtle defects in their nervous system. Proc Natl Acad Sci U S A. 1996;93:10662–7.  

    36.    Sheikh KA, Sun J, Liu Y, et al. Mice lacking complex gangliosides develop Wallerian degeneration and myelina-
tion defects. Proc Natl Acad Sci U S A. 1999;96:7532–7.  

    37.    Okada M, Itoh Mi M, Haraguchi M, et al. b-series Ganglioside de fi ciency exhibits no de fi nite changes in the neu-
rogenesis and the sensitivity to Fas-mediated apoptosis but impairs regeneration of the lesioned hypoglossal nerve. 
J Biol Chem. 2002;277:1633–6.  

    38.    Handa Y, Ozaki N, Honda T, et al. GD3 synthase gene knockout mice exhibit thermal hyperalgesia and mechanical 
allodynia but decreased response to formalin-induced prolonged noxious stimulation. Pain. 2005;117:271–9.  

    39.    Yanagisawa M, Liour SS, Yu RK. Involvement of gangliosides in proliferation of immortalized neural progenitor 
cells. J Neurochem. 2004;91:804–12.  

    40.    Kuan CY, Roth KA, Flavell RA, Rakic P. Mechanisms of programmed cell death in the developing brain. Trends 
Neurosci. 2000;23:291–7.  

    41.    Nakatsuji Y, Miller RH. Selective cell-cycle arrest and induction of apoptosis in proliferating neural cells by gan-
glioside GM3. Exp Neurol. 2001;168:290–9.  

    42.    Brunetti-Pierri N, Scaglia F. GM1 gangliosidosis: review of clinical, molecular, and therapeutic aspects. Mol Genet 
Metab. 2008;94:391–6.  

    43.    Maglione V, Marchi P, Di Pardo A, et al. Impaired ganglioside metabolism in Huntington’s disease and neuropro-
tective role of GM1. J Neurosci. 2010;30:4072–80.  

    44.    Jeyakumar M, Butters TD, Dwek RA, Platt FM. Glycosphingolipid lysosomal storage diseases: therapy and patho-
genesis. Neuropathol Appl Neurobiol. 2002;28:343–57.  

    45.    Kawashima N, Tsuji D, Okuda T, Itoh K, Nakayama K. Mechanism of abnormal growth in astrocytes derived from 
a mouse model of GM2 gangliosidosis. J Neurochem. 2009;111:1031–41.  



1179 Role of Gangliosides in Neurological Development and the Influence of Dietary Sources

    46.    Kawashita E, Tsuji D, Kawashima N, Nakayama K, Matsuno H, Itoh K. Abnormal production of macrophage 
in fl ammatory protein-1alpha by microglial cell lines derived from neonatal brains of Sandhoff disease model mice. 
J Neurochem. 2009;109:1215–24.  

    47.    Liu Y, Wu YP, Wada R, et al. Alleviation of neuronal ganglioside storage does not improve the clinical course of 
the Niemann-Pick C disease mouse. Hum Mol Genet. 2000;9:1087–92.  

    48.    Zervas M, Somers KL, Thrall MA, Walkley SU. Critical role for glycosphingolipids in Niemann-Pick disease type 
C. Curr Biol. 2001;11:1283–7.  

    49.    Simpson MA, Cross H, Proukakis C, et al. Infantile-onset symptomatic epilepsy syndrome caused by a homozy-
gous loss-of-function mutation of GM3 synthase. Nat Genet. 2004;36:1225–9.  

    50.    Wu G, Lu ZH, Wang J, et al. Enhanced susceptibility to kainate-induced seizures, neuronal apoptosis, and death 
in mice lacking gangliotetraose gangliosides: protection with LIGA 20, a membrane-permeant analog of GM1. 
J Neurosci. 2005;25:11014–22.  

    51.    Kawai H, Allende ML, Wada R, et al. Mice expressing only monosialoganglioside GM3 exhibit lethal audiogenic 
seizures. J Biol Chem. 2001;276:6885–8.  

    52.    Izumi T, Ogawa T, Koizumi H, Fukuyama Y. Low levels of CSF gangliotetraose-series gangliosides in West syn-
drome: implication of brain maturation disturbance. Pediatr Neurol. 1993;9:293–6.  

    53.    Sorensen LK. A liquid chromatography/tandem mass spectrometric approach for the determination of gangliosides 
GD3 and GM3 in bovine milk and infant formulae. Rapid Commun Mass Spectrom. 2006;20:3625–33.  

    54.    Fong B, et al. Liquid chromatography-high-resolution mass spectrometry for quantitative analysis of gangliosides. 
Lipids. 2009;44(9):867–74.  

    55.    Lucas A, Morley R, Cole TJ. Randomised trial of early diet in preterm babies and later intelligence quotient. BMJ. 
1998;317:1481–7.  

    56.    Isaacs EB, Firshl BR, Quinn BT, et al. Impact of breast milk on IQ, brain size and white matter development. 
Pediatr Res. 2010;67:357–62.  

    57.    Vanier MT, Holm M, Ohman R, Svennerholm L. Developmental pro fi les of gangliosides in human and rat brain. 
J Neurochem. 1971;18:581–92.  

    58.    Kracun I, Rosner H, Drnovsek V, et al. Gangliosides in the human brain development and aging. Neurochem Int. 
1992;20:421–31.  

    59.    Wang B, McVeagh P, Petocz P, Brand-Miller J. Brain ganglioside and glycoprotein sialic acid in breastfed com-
pared with formula-fed infants. Am J Clin Nutr. 2003;78:1024–9.  

    60.    Rahman H. Brain gangliosides and memory formation. Behav Brain Res. 1995;66:105–16.  
    61.   Crichton GE, Elias MF, Dore GA, Robbins MA. Relation between dairy food intake and cognitive function: the 

Maine-Syracuse Longitudinal Study. Int Dairy J. 2012;22:15–23. doi:  10.1016/j.idairyj.2011.08.001    .  
    62.    Idota T, Kawakami H. Inhibitory effects of milk gangliosides on the adhesion of Escherichia coli to human carci-

noma cells. Biosci Biotechnol Biochem. 1995;59:69–72.  
    63.    Nakano T, Sugawara M, Kawakami H. Sialic acid in human milk: composition and functions. Acta Paediatr 

Taiwan. 2001;42:11–7.  
    64.    Lacomba R, Salcedo J, Alegriá A, et al. Effect of simulated gastrointestinal digestion on sialic acid and ganglio-

sides present in human milk and infant formulas. J Agric Food Chem. 2011;59:5755–62.  
    65.    Park EJ, Suh M, Ramanujam K, Steiner K, Begg D, Clandinin MT. Diet-induced changes in membrane ganglio-

sides in rat intestinal mucosa, plasma and brain. J Pediatr Gastroenterol Nutr. 2005;40:487–95.  
    66.    Park EJ, Thomson ABR, Clandinin MT. Dietary ganglioside protects the degradation of occludin tight junction 

protein in acute intestinal in fl ammation by decreasing nitric oxide and increasing interleukin 10 production in the 
rat. J Pediatr Gastroenterol Nutr. 2007;44:119.  

    67.    Gurnida D, Fong B, McJarrow P, Rowan A, Norris C. Poster presented at: World Dairy Summit. New Zealand: 
Auckland; 2010.  

    68.    Wang B, Brand-Miller J. The role and potential of sialic acid in human nutrition. Eur J Clin Nutr. 
2003;57:1351–69.  

    69.    Mitchell MD, Henare K, Lowe E, Naylor M, Fong B, McJarrow P. Transfer of gangliosides across the human 
placenta. Early Hum Dev. 2012;33:312–6.  

    70.    Hungund BL, Morishima HO, Gokhale VS, Cooper TB. Placental transfer of (3H)-GM1 and its distribution to 
maternal and fetal tissues of the rat. Life Sci. 1993;53:113–9.  

    71.    Pan XL, Izumi T. Variation of the ganglioside compositions of human milk, cow’s milk and infant formulas. Early 
Hum Dev. 2000;57:25–31.  

    72.    Abraham RR, Abraham RM, Wynn V. A double blind placebo controlled trial of mixed gangliosides in diabetic 
peripheral and autonomic neuropathy. Adv Exp Med Biol. 1984;174:607–24.  

    73.    Bradley WG. Double-blind controlled trial of puri fi ed brain gangliosides in amyotrophic lateral sclerosis and 
experience with peripheral neuropathies. Adv Exp Med Biol. 1984;174:565–73.  

    74.    Mei ZT, Zheng J-Z. Effects of exogenous gangliosides on learning and memory in rats. Jpn J Physiol. 1993;43 
suppl 1:S295–9.  

http://dx.doi.org/10.1016/j.idairyj.2011.08.001


118 R. Mendez-Otero et al.

    75.    Fighera MR, Royes LFF, Furian AF, et al. GM1 ganglioside prevents seizures, Na+, K+-ATPase activity inhibition 
and oxidative stress induced by glutaric acid and pentylenetetrazole. Neurobiol Dis. 2006;22:611–23.  

    76.    Park EJ, Suh M, Clandinin MT. Dietary ganglioside and long-chain polyunsaturated fatty acids increase ganglioside 
GD3 content and alter the phospholipid pro fi le in neonatal rat retina. Invest Ophthalmol Vis Sci. 2005;46:2571–5.  

    77.    Gustavsson M, Hodgkinson SC, Fong B, et al. Maternal supplementation with a complex milk lipid mixture during 
pregnancy and lactation alters neonatal brain lipid composition but lacks effect on cognitive function in rats. Nutr 
Res. 2010;30:279–89.  

    78.    Vickers MH, Guan J, Gustavsson M, et al. Supplementation with a mixture of complex lipids derived from milk to 
growing rats results in improvements in parameters related to growth and recognition. Nutr Res. 2009;29:426–35.  

    79.    Xu X-Z, Zhu T-C. Effect of ganglioside in repairing the neurological function of children with cerebral palsy: 
analysis of the curative ef fi cacy in 2230 cases. Chin J Clin Rehab. 2005;9:122–3 [in Chinese].  

    80.    Schneider JS, Sendek S, Daskalakis C, Cambi F. GM1 ganglioside in Parkinson’s disease: results of a  fi ve year 
open study. J Neurol Sci. 2010;292:45–51.  

    81.    Wu C-Y, Bai L, Wang W-L, et al. Neurobehavior effect of GM-1 on LBW infants. Hei Long Jiang Med J. 
2010;34:410–2.  

    82.      Gurnida et al. Association of complex lipids containing gangliosides with cognitive development in 6-month-old 
infants. Early Hum Dev. 2012;88:595–601.  

    83.    Moore HM, Ettinger AC, Yokoyama MT. Variation in ganglioside content of bovine dairy products. J Food 
Compost Anal. 2000;13:783–90.  

    84.    Pham PH, Duffy LT, Dymtrash AL, Lien VW, Thomson AB, Clandinin MT. Estimate of dietary ganglioside intake 
in a group of healthy Edmontonians based on selected foods. J F Comp Anal. 2011;24:1032–7.  

    85.    Li S-C, Chien J-L, Wan CC, Li Y-T. Occurence of glycosphingolipids in chicken egg yolk. Biochem J. 1978; 
173:697–99.  

    86.    Shiraishi T, Uda Y. Characterization of neutral sphingolipids and gangliosides from chicken liver. J Biochem. 1986; 
100:553–61.  

    87.    Fong B, Norris C, McJarrow P. Liquid chromatography-high-resolution electrostatic ion-trap mass spectrometry 
analysis of GD(3) ganglioside in dairy products. Int Dairy J. 2011;21:42–7.  

    88.    Sanchez-Diaz A, Ruano M-J, Lorente F, Hueso P. A critical analysis of total sialic acid and sialoglycoconjugate 
contents of bovine milk-based infant formulas. JPGN. 1997;24:405–10.    



119R.R. Watson et al. (eds.), Nutrition in Infancy: Volume 2, Nutrition and Health,
DOI 10.1007/978-1-62703-254-4_10, © Springer Science+Business Media New York 2013

    S.   del   Castillo ,  M.D.   (*)  
   Department of Anesthesiology Critical Care Medicine ,  Children’s Hospital Los Angeles ,   4650 Sunset Blvd, 
MS#3 ,  Los Angeles ,  CA   90027 ,  USA    

    K.   Catton, P.N.P.    
   Department of Pediatric Cardiothoracic Surgery ,  Children’s Hospital Los Angeles ,   Los Angeles ,  CA ,  USA   
 e-mail:  sdelcastillo@chla.usc.edu   

         Key Points 

    Diarrhea, as de fi ned by the World Health Organization (WHO), is the passage of three or more • 
loose or watery stools per day, with chronic diarrhea de fi ned as stool volume of more than 10 g/kg/
day in infants and toddlers, or more than 200 g/day in older children for more than 14 days.  
  Gastroenteritis is the single most common disorder seen in the emergency department, and the vast • 
majority of cases are viral in origin.  
  Most children who present with acute diarrhea with minimal dehydration do not require further • 
laboratory evaluation.  
  Historically, dehydration is divided into three classes depending on the percent of  fl uid de fi cit: • 
mild (3–5%), moderate (6–9%), and severe ( ³ 10%, with signs of shock).  
  The four major recommendations in the guidelines to treat acute gastroenteritis are as follows:  • 
  Rapid oral rehydration for 3–4 h with a hypoosmolar solution (Sodium 60 mmol/L).  • 
  Refeeding after 4 h of rehydration with the patient’s normal diet, including solids, full-strength • 
formula or milk, with no restriction of lactose intake.  
  Avoidance of unnecessary medications.  • 
  Avoidance of microbiological investigations.  • 
  The routine use of antimicrobial agents in the treatment of acute diarrhea may predispose the • 
patient to antimicrobial resistance, and is not recommended.  
  Probiotics have been de fi ned as “functional food” therapy, and are thought to have an effect on the • 
physiologic process of intestinal healing in addition to the nutritional value.     

  Keywords   Gastroenteritis  •  Viral enteritis  •  Dehydration  •  Oral rehydration  •  Refeeding  •  Dietary 
therapy  •  Probiotics  
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   Introduction 

 Acute gastroenteritis is one of the most common illnesses seen in children in the USA. It is the most 
common infectious disease syndrome in humans rivaled only by respiratory tract infections. Five bil-
lion cases occur worldwide annually accounting for 15–30% of all deaths in developing countries  [  1  ] . 
Close to  fi ve million cases of gastroenteritis occur annually in the USA alone, with four million cases 
seen by a healthcare provider  [  1,   2  ] . Gastroenteritis (GE) is the single most common disorder seen in 
the emergency department (ED). It can be the result of infectious agents such as viruses, bacteria, 
protozoa, or parasitic infections, or as a result of other non-gastrointestinal illness Table  10.1   [  2–  4  ] . 
The vast majority of the cases of GE (60% of mild cases in children aged 2 months to 2 years, and 
80% of moderate to severe diarrhea) are viral in origin. Proven pathogens include rotavirus (the most 
common), caliciviruses, astroviruses, enteric adenovirus serotypes 40 and 41 (group F), and some 
picornaviruses (Aichi virus). A smaller percentage of these cases are bacterial in origin such as those 
caused by  Escherichia coli ,  Salmonella, Shigella, Vibrio  species and  Clostridium dif fi cile . Recent 
advances in public health infrastructure have dramatically reduced the incidence of bacterial and 
parasitic GE in developing countries with improvements in the treatment and delivery of water  [  1  ] . 
Tragically, viral GE has not demonstrated the same decline.   

   Pathophysiology of Diarrhea 

 The human digestive tract is a highly ef fi cient system designed to absorb large amounts of essential 
water, primarily in the small intestine. When operating under ideal conditions, the small and large 
intestine are capable of absorbing 99% of ingested water leaving only about 100 mL of the average 
intake of 8 L a day  [  5,   6  ] . This absorption is a result of three distinct mechanisms: Neutral sodium 
chloride absorption, electrogenic sodium absorption, and sodium co-transport  [  5,   6  ] . Because the 
absorptive process for water and electrolytes predominates over secretion, humans bene fi t from net 
water absorption. In the small intestine, passive transport of water occurs as a result of cation and 
anion exchanges (neutral sodium chloride absorption) and sodium co-transport (the coupling of 
absorption of water with the absorption of organic solutes such as glucose, amino acids, and peptides). 
In the colon, active transport is achieved through the Na/K ATPase electrochemical gradient. A dis-
ruption in the intestinal tract as a result of infectious agents or chemical agents can alter the neutral 
sodium chloride and electrogenic sodium absorption mechanics, although sodium co-absorption 
remains intact, thus the reason oral rehydration therapy works during acute diarrheal illness  [  5,   6  ] . 

   Table 10.1    Infectious causes of acute infectious diarrhea   

 Viral  Bacterial  Parasitic 

 Rotavirus   Campylobacter    Giardia  
 Calicivirus   Salmonella    Entamoeba histolytica  
 Astrovirus   E. coli    Cryptosporidium  
 Parvovirus   Shigella    Isospora belli  
 Pestivirus   Vibrio cholera    Strongyloides  
 Adenovirus   Aeromonas hydrophilia    Trichuris trichuria  

  Yersinia entercolitica    Balantidium coli  
  Clostridium dif fi cile  

  Courtesy of Gilger  [  120  ]   
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 The pathophysiologic effects of diarrhea can be divided based on its effect on water absorption in 
the intestines. The common types are osmotic, secretory, motility, and in fl ammatory, although there is 
much overlap  [  5,   6  ] . Figure  10.1  describes the algorithm associated with the pathogenesis of acute 
infectious diarrhea.  

 Osmotic diarrhea results when solutes such as lactose are not absorbed properly. The higher than 
normal concentration of solutes in the lumen of the intestine pulls water into the lumen resulting in 
watery diarrhea. Rotavirus and  Shigella  both cause this type of diarrhea. Rotavirus selectively invades 
mature enterocytes and Shigella’s toxin causes villous cell disruption leading to malabsorption. 
Secretory diarrhea is a result of the active secretion of water into the gut lumen. Certain substances 
(laxatives, bile acids, and fatty acids), infectious agents ( Clostridia ,  E. coli , and  Staphylococcus 
aureus ), viral toxins, and certain congenital disorders (congenital chloride diarrhea) produce secretary 
diarrhea. Motility disorders, causing either hyper- or hypomotility can cause malabsorption and diar-
rhea, such as seen with irritable colon of infancy. Finally, in fl ammation of the intestine can cause 
either acute or chronic diarrhea. The resultant exudation of protein, blood, and mucus in the intestinal 
wall may lead to electrolyte and water loss either through the production of an enterotoxin or mucosal 
invasion  [  5,   6  ] . 

 Diarrhea as de fi ned by the World Health Organization (WHO) is the passage of three or more loose 
or watery stools per day with chronic diarrhea de fi ned as stool volume of more than 10 g/kg/day in 
infants and toddlers, or more than 200 g/day in older children for more than 14 days  [  7  ] . Table  10.2  
lists different etiologies of diarrhea based on the age of the patient. Dysentery is a general term used 
to describe a variety of intestinal in fl ammatory disorders marked by abdominal pain, tenesmus (strain-
ing with stool), and watery diarrhea containing blood and mucous. Although dysentery is most com-
mon in developing nations and people who are traveling to developing worlds (such as military 
personnel), certain people in developed nations are at increased risk of developing dysentery, includ-
ing children in day care, people in nursing homes, and men who have sex with other men  [  3,   8  ] . For 
practical purposes, the clinical presentation of diarrhea can be classi fi ed as acute or chronic with purg-
ing (cholera and campylobacter) and hemorrhagic (Crohn’s disease and ulcerative colitis) as 
subclasses.   

Ingest organism

Diarrhea

Mucosal invasion

Villous cell destruction

Impaired sodium absorption

Toxin production

Cytotoxin/enterotoxin

Stimulate chloride secretion

Intestinal colonization and cellular adherence

  Fig. 10.1    The pathogenesis 
of acute infectious diarrhea 
(Courtesy of Gilger  [  120  ] )       
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   Evaluation 

 The priority in evaluating a child with diarrheal illness is to identify life-threatening conditions imme-
diately so that appropriate referrals can be made. Several serious illnesses present with diarrhea 
including intussusceptions, hemolytic uremic syndrome (HUS), pseudomembranous colitis, appendi-
citis, toxic megacolon and congenital secretory, and osmotic diarrheas  [  9–  13  ] . Next is to differentiate 
individuals in whom diarrhea is a secondary symptom such as those associated with otitis media, 
urinary tract infection, and pneumonia. In these children, the diarrhea is usually mild and self-
limiting. 

 Because children behave differently than adults, it is important to keep in mind that they may pres-
ent differently than adults. For example, infants have increased body surface area relative to weight 
and are more likely to develop fever causing increases in insensible water loss. They also have limited 
renal compensatory capacity and are more likely to become seriously ill and dehydrated during a diar-
rheal illness than an adult. In evaluating a child for hydration status, a systematic thorough approach 
must be implemented.  

   Table 10.2    Etiology of diarrhea by age (Courtesy of Fleisher  [  121  ] )   

 Cause  Infants and young children  Older children and adolescents 

 Gastrointestinal infections  Viruses  Viruses 
 Bacteria  Bacteria 
 Parasites  Parasites 

 Non-gastrointestinal infections 
(parenteral diarrhea) 

 Otitis media  Systemic infections 
 Urinary tract infections 
 Other systemic infections 

 Dietary disturbances  Overfeeding  Starvation stools 
 Food allergy 
 Starvation stools 

 Anatomic abnormalities  Intussusception  Appendicitis 
 Hirschsprung’s disease (a toxic 

megacolon) 
 Partial obstruction 

 Partial obstruction  Blind loop syndrome 
 Blind loop syndrome 
 Intestinal lymphangiectasis 
 Short bowel syndrome 

 In fl ammatory bowel disease  Ulcerative colitis (+/− a toxic megacolon) 
 Crohn’s disease (+/− a toxic megacolon) 

 Malabsorption or 
increased secretion 

 Cystic  fi brosis  Celiac disease 
 Celiac disease  Disaccharidase de fi ciency 
 Disaccharidase de fi ciency  Acrodermatitis enteropathica 
 Acrodermatitis enteropathica  Secretory neoplasms 

 Immunode fi ciency  Severe combined immunode fi ciencies 
and other genetic disorders 

 Human immunode fi ciency virus 

 Human immunode fi ciency virus 
 Endocrinopathy  Congenital adrenal hyperplasia  Hyperthyroidism 

 Hypoparathyroidism 
 Miscellaneous  Antibiotic-associated diarrhea  Antibiotic-associated diarrhea 

 Pseudomembranous colitis  Pseudomembranous colitis 
 Toxins  Toxins 
 Hemolytic uremic syndrome  Irritable bowel syndrome 
 Neonatal drug withdrawal  Psychogenic disturbances 
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   Laboratory Testing 

 Most children who present with acute diarrhea with minimal dehydration do not require further diag-
nostic testing. In children with signi fi cant isotonic volume depletion and toxic presentation, serum 
electrolytes should be tested as signi fi cant derangements may exist and must be corrected. An anion 
gap can be calculated from the serum electrolyte panel, which, if elevated, can be helpful in assessing 
the presence of a secondary underlying metabolic acidosis complicating the illness. There is con fl icting 
evidence as to whether an elevated blood urea nitrogen (BUN) level is a reliable marker for assessing 
the degree of dehydration  [  14–  16  ] . Most often, however, it is not necessary in patients with acute diar-
rhea, and studies have shown that there is no correlation found between BUN, anion gap, bicarbonate, 
or base excess/de fi cit and the total hospital length of stay  [  17  ] . If a blood gas is drawn, an arterial stick 
is the gold standard to give the best assessment of overall acid–base status. If this cannot be performed, 
a capillary blood gas can be done; however, peripheral venous sticks are not recommended, because 
they do not provide an accurate assessment of the patient’s overall circulatory status. In a febrile child 
with frankly bloody or mucous- fi lled diarrhea, stool cultures should be obtained to identify a bacterial 
pathogen (identi fi ed in 15–20% of samples)  [  13,   18,   19  ] . A urine culture is indicated in a febrile 
female and in certain uncircumcised males, especially with a history of a urinary tract infection. 
Further imaging (ultrasound, air contrast enema, and computed tomography) is indicated whenever 
there is concern for intussusception, appendicitis, ovarian or testicular torsion, or other intra-abdomi-
nal processes, particularly in an ill appearing child  [  20  ] . There are commercially available assays to 
diagnose speci fi c causes of GE, including rotavirus, calcivirus, astrovirus, and enteric adenovirus.  

   Diagnosis 

 A systematic approach to diagnosis is helpful in evaluating a child with diarrhea. The  fi rst critical step 
is an overall assessment of the child. Are they seriously ill appearing or not? Children with HUS or 
sepsis, as seen with  Salmonella , may present with generalized toxicity or shock  [  13,   19,   21,   22  ] . Seizures 
may be the presenting symptom in children with severe shigellosis  [  23  ] . Of equal importance in the 
initial evaluation is to evaluate for signs of an acute abdominal process. Palpation of an abdominal mass 
or signs of peritonitis suggest intussusceptions, appendicitis, or possibly toxic megacolon. Prompt surgi-
cal referral can be lifesaving in these circumstances. Following the primary surveillance, the next step is 
ascertaining how long the diarrhea has persisted and whether or not it is accompanied by fever. Determine 
if the stool is bloody or non-bloody. It is imperative to identify children who are immunocompromised, 
as these children are at risk for unusual infections and require a more rigorous evaluation. 

 Many children presenting with non-bloody diarrhea and no fever history will have a viral enteritis, 
history of recent antibiotic use (typically amoxicillin), or signs consistent with overfeeding (an over-
weight child age 6–12 months with a history of excessive  fl uid intake)  [  24  ] . In an immunocompetent 
child with non-bloody diarrhea, the presence of fever is the trademark of infection  [  4  ] . Again, the 
majority of these children will have a viral etiology for their illness. Infectious enteritis typically 
manifests with fever and bloody or mucous- fi lled diarrhea. Psuedomembranous colitis must be con-
sidered if the child has a recent history of antibiotic exposure. Evaluation for amebiasis should be 
limited to endemic areas and to those who have recently traveled to such places. Rarely, a child with 
in fl ammatory bowel disease (IBD) will present with fever and bloody diarrhea and any child with a 
history of weight loss or recurrent abdominal pain should be further evaluated for IBD  [  25  ] . Of the 
most concern perhaps is the afebrile child who presents with bloody diarrhea. Life-threatening ill-
nesses such as intussusception, pseudomembranous colitis, and HUS frequently present with afebrile 
bloody diarrhea. Prior to diagnosing the most common etiology, infectious enteritis, the aforemen-
tioned conditions must be excluded.  
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   Viral Enteritis 

   Epidemiology/Incidence 

 In developed countries, approximately 2% of children born each year will be hospitalized by the time 
they reach 18 years of age for viral gastroenteritis  [  26,   28  ] . Children less than 5 years of age account 
for 95% of hospital admissions with the highest incidence in children between the ages of 3 months 
and 24 months  [  29  ] . In the USA over 200,000 children will be hospitalized for viral GE with 3–5 mil-
lion visits to a health professional for a total of 15–25 million episodes per year  [  28,   36,   37  ] . Prior to 
the development and widespread distribution of the oral, live, tetravalent, rhesus-based rotavirus vac-
cine in 1998, rotavirus accounted for 50% of admissions to the hospital for nonbacterial GE in the 
USA  [  37–  39  ] . Another 5–15% of admissions were for calciviruses, astroviruses, and enteric adenovi-
ruses with up to 45% of cases attributed to an unidenti fi ed virus. Winter is the peak season for illness 
with 70–90% of the cases occurring during this time; however, some viruses are more predominant in 
certain seasons of the year (Table  10.3 )  [  32,   38,   39  ] .   

   Pathogenesis 

 Rotavirus is a part of the Reoviridae family with groups A and B causing the majority of illness in the 
USA  [  42  ] . It is typically transmitted via the fecal–oral route; however, contact and respiratory spread 
has been suggested. Incubation period is 24–72 h and the period of communicability is commonly 8 
days, although in the immunocompromised patient the virus may be shed for 30 days or more  [  40  ] . 
The symptoms usually last for 4–6 days and children between the ages of 6 and 24 months are the 
most susceptible. Once the virus makes its way into the intestinal tract, it enters the villous epithelium 
of the jejunum and ileum and infects the enterocytes  [  41  ] . This damage to the wall of the small intes-
tines leads to a transudation of  fl uid and net salt and  fl uid loss along with the inability to digest and 
absorb food leading to transient lactose intolerance. Further, secretory diarrhea has been postulated to 
involve alterations in intracellular Ca 2+  mobilization within the intestinal lumen rendering it more 
susceptible to  fl uid secretion and resistant to  fl uid absorption  [  42  ] . 

 Caliciviruses are small structured RNA viruses including the Norwalk-like virus or norovirus. 
They are responsible for the majority of outbreaks across all ages and are transmitted via the fecal oral 
route with suggestions of food, water, and shell fi sh as modes of transportation. Noroviruses were 
identi fi ed as the etiologic agent for half of the outbreaks of dysentery on cruise ships reported to the 
CDC in 2002. Incubation is 24–48 h with a period of communicability during the acute stage of 48 h 
 [  42–  45  ] .  

   Table 10.3    Differentiating features among viral causes of gastroenteritis (Courtesy of Matson  [  122  ] )   

 Viruses  Predominant season  Age  Duration, days 
 Lactose 
intolerance 

 Common modes of 
transmission in order of frequency 

 Rotaviruses  Fall/Winter  6–24 months  5–7  Yes  Fecal–oral; respiratory? 
 Caliciviruses  All year (winter)  All ages  1–4  No  Fecal–oral, water; shell fi sh, foods, 

respiratory? 
 Astroviruses  Winter  All ages  3  Yes  Fecal–oral, water 
 Enteric adenoviruses  Summer  Children  6–9  Yes  Fecal–oral 
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   Manifestation 

 The compilation of diarrhea, vomiting, fever, anorexia, headache, abdominal cramps, and myalgia are 
typical in rotavirus GE  [  42  ] . Stools may be watery or loose without blood or mucous, odorless or foul 
smelling, fecal leukocyte negative, pH <6, normal or pale in color with the presence of reducing sub-
stances. As many as 20 episodes of vomiting and or diarrhea can occur in any single day and severe 
isotonic dehydration can rapidly result, especially in young febrile children. 

 Caliciviral illness typically presents with more signi fi cant vomiting and, along with astrovirus and 
enteric adenovirus, is of shorter duration than rotavirus infection  [  42–  45  ] . Diarrhea that persists for 
more than 5 days is more closely associated with enteric adenovirus infection  [  42  ] . Large common 
source outbreaks in children older than 2 years are most likely to be caused by caliciviruses and astro-
viruses  [  42–  45  ] .  

   Diagnosis 

 Diagnosis of viral GE is based on clinical presentation, age of patients, quantity and quality of stool 
and associated symptoms. Rarely are more comprehensive tests indicated. In an immunocompro-
mised host, stool cultures for ova and parasites may be necessary to exclude parasitic or bacterial 
etiology. In the case of large outbreaks or in the hospitalized child with the intent of isolation cohort-
ing, viral assays may be sent for speci fi c agents or a broad reactive assay. Widely available assays 
such as the enzyme immunoassays (EIAs) and latex agglutination will detect rotaviruses and adeno-
viruses 40 and 41; however, the reverse transcription–polymerase chain reaction (RT–PCR) is required 
to detect astroviruses and norovirus caliciviruses  [  42–  45  ] .   

   Bacterial Enteritis 

 The differentiation of bacterial illness from viral illness may be dif fi cult. In general, acute diarrheal 
illness with bloody or mucous- fi lled stools along with persistent high fevers is more common in bacte-
rial illness than viral. Proven pathogens include  Campylobacter, Salmonella, E. coli, Shigella, Vibrio 
cholera ,  Aeromonas hydrophila ,  Yersinia enterocolitica , and  C. dif fi cile   [  42  ] .  

   Campylobacter 

   Epidemiology/Incidence 

 Campylobacter is one of the most common causes of bacterial gastroenteritis worldwide and, at its 
peak in 1996, was more common than  Salmonella  and  Shigella  infections combined. Improvements 
in food handling, especially of poultry, have caused a 26% decline in the incidence of infection with 
an average yearly infection rate of 2.4 million cases in the USA. Children less than 1 year of age and 
young adults aged 15–44 years are the most susceptible with an unexplained predominance in males. 
The vast majority of cases are linked to contaminated poultry (1 drop of chicken juice may contain 
500 organisms);  [  42  ]  however, infection has been linked to tainted unpasteurized milk, sausage, red 
meat, water, and contact with infected pets (especially birds and cats)  [  42–  44,   46,   47  ] .  
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   Pathogenesis 

  Campylobacter  species is a motile gram-negative bacilli of which there are over 14 species with 
 Campylobacter jejuni  being responsible for >99% of reported cases in the USA  [  42–  46  ] . The organ-
ism spirals into the intestinal wall producing heat-labile enterotoxins which causes epithelial cell 
damage leading to secretory diarrhea. In the colon, diffuse in fl ammatory changes may be seen on 
sigmoidoscopy which mimic early IBD. Proliferation of the organism in mesenteric lymph nodes and 
the lamina propria following translocation may lead to additional infections such as meningitis, chole-
cystitis, urinary tract infection, and mesenteric adenitis  [  48  ] .  

   Manifestation 

 Infected individuals present similarly to those with other bacterial causes of gastroenteritis, with 
symptoms including acute onset fever, abdominal cramps, and diarrhea. The diarrhea is either loose 
and watery or grossly bloody with leukocytes and blood detected in 75% of stool samples, and may 
be as frequent as ten stools a day at its peak  [  42,   46,   48  ] . The fever associated with campylobacter 
gastroenteritis may be low grade or >40 °C and typically lasts for 1 week and occurs in >90% of 
patients. Although the illness is usually self-limited, rare complications have been reported. Guillain–
Barré syndrome (GBS) is the most common complication following infection and has been reported 
in 30% of cases with campylobacter identi fi ed as the proceeding illness. The risk of GBS is <1% fol-
lowing infection and severity of illness has no bearing on the risk of developing GBS  [  47  ] . If GBS 
does develop following  C. jejuni  infection, the morbidity of GBS (risk of irreversible neurological 
damage and need for mechanical ventilation) is greater  [  42,   47  ] . Other rare, post-infectious complications 
include reactive arthritis, uveitis, encephalopathy, carditis, HUS, and hemolytic anemia  [  42,   46,   48  ] .  

   Diagnosis 

 The diagnosis of  C. jejuni  is by stool culture. The organism is dif fi cult to grow due to its cephalothin 
resistance and can take up to 96 h for primary isolation. Species speci fi c PCR-enzyme-linked immu-
nosorbent assay may yield a higher detection rate of  C. jejuni   [  42  ] .   

    Salmonella  

   Epidemiology/Incidence 

 Approximately 1.4 million people acquire nontyphoid  Salmonella  infection in the USA each year. 
Most patients are younger than 20 with the highest rate of infection occurring in the summer and fall 
 [  42–  44,   49,   50,   52  ] . The vast majority of cases are food-borne with less than 5% from direct contact 
with animal carriers (typically from reptile and amphibian sources)  [  50,   52,   53  ] . The most common 
sources are from poultry and eggs but fruit, vegetables, water, and milk are also common sources and 
most recently peanut butter and dry dog food have caused multi-state outbreaks  [  54  ] .  
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   Pathogenesis 

 Depending on the serotype of the  Salmonella  organism (a gram-negative facultative intracellular 
anaerobe), a broad spectrum of illnesses may result ranging from gastroenteritis, bacteremia, and 
focal infections to enteric fever such as those caused by the typhoid and paratyphoid serotypes  [  49, 
  50,   52,   54  ] .  Salmonella  is a member of the  Salmonella enterica  species, and there are over 2,500 
serotypes which almost exclusively infect humans  [  55  ] . Once in the small intestine the organism colo-
nizes and translocates across the intestinal epithelium. An in fl ammatory response mediated by cytok-
ines, chemokines, neutrophils, macrophages, dendritic cells, and T and B cells ensues resulting in 
diarrheal illness. Replication occurs in mesenteric lymph nodes, the spleen and in macrophages in 
what is termed “Peyer’s patches,” and can disseminate to other organs (lungs, kidneys, gallbladder) or 
to the central nervous system  [  53  ] .  

   Manifestation 

  Salmonella  may present with gastroenteritis, enteric (typhoid) fever, bacteremia, or a localized infec-
tion. Gastroenteritis follows an incubation period of 8–48 h after the ingestion of a contaminated 
source and manifests as sudden onset fever, chills, nausea, vomiting, abdominal cramping, and diar-
rhea  [  44,   49,   51,   53  ] . Fever usually subsides within 72 h and the diarrhea may be grossly bloody last-
ing 3–7 days. Typhoid fever usually has an incubation period of 5–21 days and begins with 7–10 days 
of headache, cough, diaphoresis, anorexia, malaise, sore throat, and abdominal pain with “pea soup” 
diarrhea or constipation. Fever peaks in the second week of illness followed by splenomegaly, abdom-
inal distension, abdominal pain, bradycardia, rash, meningismus, and/or mental confusion  [  51,   55  ] . If 
left untreated, individuals will either recover by the fourth week or go on to develop complications 
such as perforation (up to 10%), pneumonitis, pericarditis, orchitis, endocarditis, or focal abscesses. 
Bacteremia from  Salmonella  is rare in immunocompetent hosts and can lead to localized infection in 
as many as 10% of individuals. Localized infections can occur in nearly all human tissues including 
the endocardium, soft tissues, arteries, bones, joints, and the central nervous system  [  55  ] .  

   Diagnosis 

 Stool cultures in people with gastroenteritis or severe diarrhea are most commonly positive for campy-
lobacter and  Salmonella   [  56  ] .   

    Escherichia coli  

   Epidemiology/Incidence 

 Diarrheal illness caused by  E. coli  can be classi fi ed as either enterohemorrhagic, enterotoxigenic, 
enteroinvasive, enteropathogenic, enteroaggregative, or diffuse adherent  [  42  ] . Each type of infection 
is caused by different O-H serotypes and thus have differing clinical syndromes, pathogenesis, and 
possess distinct virulence properties.  Enterohemorrhagic E. coli  (EHEC) is common in developed 
countries and has a relatively long incubation period of up to 8 days with a period of communicability 
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as long as 3 weeks in some children. Cattle are the most recognized reservoir followed by humans and 
deer. Outbreaks have been attributed to undercooked hamburger meat, unpasteurized milk, apple 
cider, and alfalfa sprouts  [  42,   43  ] .  Enterotoxigenic  strains of  E. coli  are more common in developing 
countries and in travelers to these less industrialized countries. The incubation period is much shorter 
than the other strains of  E. coli  infection, ranging from 10 to 72 h with humans as the major reservoir. 
The period of communicability lasts as long as the excretion of the pathogen lasts, which can be 
prolonged. Transmission is through contaminated food and water.  Enteroinvasive E. coli  is endemic 
in developing countries with occasional outbreaks reported in more industrialized nations. The incu-
bation period is 10–18 h with a period of communicability lasting the duration of excretion of the 
organism. Humans serve as the reservoir and it has been suggested that contaminated food serves as 
the mode of transmission.  Enteroaggregative E. coli  is an important form of infantile diarrhea in 
Latin America, Asia, and the Democratic Republic of Congo and has occasionally been reported in 
Europe. The incubation period is between 20 and 48 h.  Diffuse-adherence E. coli  is the least under-
stood of the strains of  E. coli  diarrhea. It is thought to be more common in preschool children rather 
than infants or toddlers, but little is known in regards to incubation, transmission, and manifestation 
 [  42,   43  ] .  

   Pathogenesis 

  E. coli  are gram-negative bacteria that commonly live harmoniously in the intestinal tract of humans 
and animals. They can survive with or without air and comprise over 700 serotypes. The  fi ve forms of 
pathogenic serotypes attach to the intestinal wall and produce harmful toxins which cause in fl ammation 
and diarrhea. 

 EHEC diarrhea is caused by the serotype  E. coli  O157:H7, which produce potent cytotoxins Shiga 
1 and Shiga 2  [  42,   43  ] . Figure  10.2  demonstrates the progression of  E. coli  O157:H7 infections in 
children.   
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  Fig. 10.2    Progression of  E. coli  O157:H7 infections in children.  HUS  hemolytic uremic syndrome (Reproduced with 
permission from Tarr et al.  [  125  ] , Copyright © 2005 Elsevier)       
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   Manifestation 

  E. coli  O157:H7 causes diarrhea that ranges from mild and non-bloody to stools that are nearly all 
blood without fecal leukocytes  [  42,   43  ] . The most serious morbidity of this infection is the develop-
ment of HUS and thrombotic thrombocytopenic purpura  [  42,   43,   57–  60  ] . Fortunately, only 2–7% of 
individuals with EHEC diarrhea will develop HUS.  Enterotoxigenic E. coli  diarrhea manifests similar 
to  Vibrio  with profuse watery diarrhea without blood or mucus, abdominal cramps, vomiting, dehy-
dration, prostration. and acidosis and may or may not present with low grade fevers  [  42,   43  ] . 
 Enteroinvasive  strains most closely resemble  Shigella  presenting with severe abdominal cramps, mal-
aise, watery diarrhea, tenesmus, and fever. In a few individuals (<10%), the illness will progress to the 
passage of multiple, scanty,  fl uid- fi lled stools containing blood and mucous which is leukocyte posi-
tive  [  42,   43  ] .  Enteroaggregative E. coli  produces chronic watery diarrhea with mucous in infants and 
young children.   

    Shigella  

   Epidemiology/Incidence 

 The incidence and epidemiology of  Shigella  varies greatly according to the speci fi c strain and sero-
type. The CDC estimates the overall incidence of shigellosis in the USA to be around 450,000 cases 
a year  [  62  ] . The peak season is during the summer months and it most commonly affects children 
younger than 5 years of age. The natural reservoir is humans and primates. The mode of transmission 
is via contaminated food and water sources by means of the fecal oral route. The infectivity load is 
extremely small and insects such as  fl ies can serve as vectors carrying contaminated fecal matter from 
one place to another. The incubation period is 12 h to 7 days (mean 2–4 days) and the period of com-
municability can be as long as 4 weeks.  

   Pathogenesis 

  Shigella  are nonmotile, nonencapsulated gram-negative bacteria. There are four strains, each with 
several serotypes.  Shigella  produces two major groups of enterotoxins: Stx1 and Stx2. These entero-
toxins adhere to the intestinal wall and increase in fl ammatory cytokine production in macrophages, 
increasing interleukin (IL)-8, and damage the colonic mucosa. When the enterotoxins adhere to the 
small-intestinal wall, they act by blocking the absorption of electrolytes, glucose, and amino acids. 
Subunits of the enterotoxins inhibit protein synthesis causing cellular death, macrovascular damage to 
the intestine, apoptosis in renal tubular epithelial cells, and hemorrhage  [  63,   64  ] .  

   Manifestation 

 The signs and symptoms of shigellosis are dependent on the serotype and include sudden onset high 
fevers, severe abdominal cramping, emesis, anorexia, and large volume watery diarrhea. Following 
the initial manifestations, individuals may develop tenesmus, urgency, abdominal cramps, and fre-
quent small volume mucous- fi lled stools with frank blood. Septicemia and chronic diarrhea are 
 common. According to the degree of dehydration, children may exhibit tachycardia and tachypnea 
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with dry mucous membranes, electrolyte disturbances, and generally appear toxic  [  63–  65  ] .  Shigella  
may manifest in distant organs such as the renal glomerural and tubular epithelia producing microan-
giopathic hemolytic anemia, thrombocytopenia, and renal failure. Seizures may be an early manifes-
tation including headaches, lethargy, meningismus, and delirium. The etiology of extraintestinal CNS 
manifestations is poorly understood but not thought to be caused by enterotoxin  [  61  ] . Complications 
of shigellosis include rectal prolapse, toxic megacolon, HUS, and Reiter syndrome (a form of reactive 
arthritis that effects about 2% of individuals)  [  62–  65  ] .  

   Diagnosis/Treatment 

 Isolation of the  Shigella  organism from feces or rectal swab specimens is diagnostic. Testing the feces 
as soon as the specimen is received improves sensitivity. Rapid membrane (dot) ELISA tests recently 
made available have demonstrated improved diagnostic accuracy and reduced turn around time which 
is imperative when considering the high epidemic potential and severe morbidity of type I  Shigella 
dysenteriae.  

 Toxic infection requires antibiotic treatment. Unfortunately, several serotypes have developed drug 
resistance and it is imperative that sensitivities are performed to guide treatment. Common antibiotic 
regimens include ampicillin, trimethoprim/sulfamethoxazole, ceftriaxone, or cipro fl oxacin. 
Antidiarrheal agents such as Lomotil (diphenoxylate with atropine) and Imodium (loperamide) should 
be avoided as they can make the infection worse by slowing the shedding of the toxins.   

    Vibrio cholera  

   Epidemiology/Incidence 

  V. cholera  has long been recognized as a cause of diarrheal illness in Asia and Latin America. More 
recently, there have been reports of endemic toxigenic  V. cholera  in parts of the USA such as the Gulf 
coast of Louisiana and Texas  [  67  ] . Following Hurricane Katrina in 2005, the CDC reported 22 new 
cases of  Vibrio  infection, likely related to the disturbance in the environment  [  68  ] . Although  Vibrio  is 
not a compulsory reportable infection (as it is considered a food borne illness), it is estimated that 
between 1996 and 2004 the incidence of  Vibrio  infections increased 47%, whereas the incidence of 
Shiga toxin-producing  E. coli  O157:H7 and species of  campylobacter ,  Listeria ,  Salmonella , and 
 Yersinia  signi fi cantly decreased during this same time span  [  43  ] . Humans are the only known host but 
the organism can live freely in an aquatic environment such as the Gulf of Mexico, New England, and 
the northern paci fi c. The typical mode of transmission is the ingestion of contaminated water or food 
(particularly raw or under cooked shell fi sh)  [  69  ] . Moist grains and vegetables held at ambient tem-
perature have also been implicated as a source of infection. The incubation period ranges from a few 
hours to 5 days, but is typically 1–3 days. Although other food borne bacterial infections such as 
 Campylobacter ,  Listeria , and  Salmonella  are much more common than  Vibrio  infections, the mortal-
ity rate associated with  Vibrio  infections (39%) is much higher due to the incidence of  V. vulni fi cus  
septicemia  [  70–  72  ] .  Vibrio  infections have no predilection for race, sex, or age.  

   Pathogenesis 

  V. cholera  belongs to the vibrionaceae family and is a gram-negative, oxidase-positive, curved, 
motile bacilli with several serotypes; however, only serotypes O1 and O139 are known to cause 
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epidemic cholera  [  67  ] . In the USA,  Noncholera vibrio  species are becoming more common.  Vibrio 
parahaemolyticus  is the most common and  Vibrio vulni fi cus  is the most deadly  [  69,   73,   74  ] . The 
 Vibrio  organism is capable of producing multiple extracellular cytotoxins and enzymes which are able 
to in fl ict extensive tissue damage.  

   Manifestation 

  V. cholera  characteristically presents with painless, voluminous, watery diarrhea which is colorless 
with small  fl ecks of mucous and contains large amounts of sodium, potassium, chloride, and bicar-
bonate. It is classically described as “rice-water” diarrhea. Abdominal cramps and fever are not typi-
cally reported. Dehydration, metabolic acidosis, and shock may result if  fl uid losses are not replaced 
promptly.  Noncholera vibrio  infections can manifest as gastroenteritis, septicemia, or wound infec-
tions with no reliable characteristic signs and symptoms.  Vibrio  gastroenteritis may present with low 
grade fevers, nausea, vomiting, abdominal cramping, and diarrhea. Up to 75% of individuals infected 
with  V.  fl uvialis  demonstrate bloody diarrhea, whereas only 25% infected with  V. parahamolyticus  
develop bloody diarrhea  [  75  ] .  Noncholera vibrio  septicemia manifests with high fevers, chills, myal-
gia, exquisite lower extremity pain, and edema. Extensive ecchymosis and multiple hemorrhagic bul-
lae can develop on the lower extremities and hypovolemic shock, unresponsive to aggressive 
intravenous rehydration efforts, may develop within 24 h followed by multi-organ failure.  

   Diagnosis/Treatment 

 The selective medium thiosulfate–citrate–bile salts–sucrose stool culture has the highest sensitivity 
for identifying  Vibrio  infection. When testing stool or emesis, it is essential to request speci fi c testing 
for  Vibrio  species and sensitivities, as drug resistance is not uncommon. In addition to culture testing, 
depending on systemic illness, blood chemistries, DIC panel, and blood gas analysis may be 
indicated. 

 Treatment focuses on rehydration therapy and symptomatic support. Speci fi c antimicrobial therapy 
for cholera includes treatment with oral doxycycline or tetracycline. Resistant strains have been 
treated with cipro fl oxacin and trimethoprim-sulfamethoxazole.  Noncholera vibrio  infections have 
been treated with ceftazidime, doxycycline, ticarcillin, clavulanate, piperacillin, and tazobactam. 
Adjuvant therapy such as recombinant human activated protein C (drotrecogin alfa activated) has 
been used in patients with severe sepsis  [  77  ] .   

    Yersinia enterocolitica  

   Epidemiology/Incidence 

 In many countries,  Y. enterocolitica  has eclipsed  Shigella  as the predominate cause of gastroenteritis 
in young children and has rivaled  Salmonella  and  Campylobacter  species  [  67,   69,   78  ] . Pigs are the 
major animal reservoir for  Y. enterocolitica  strains that are pathogenic to humans, however, other 
strains are also found in many other animals including rodents, rabbits, sheep, cattle, horses, dogs, and 
cats. The incubation period is 4–7 days. The mode of transmission is via blood transfusion or via 
the ingestion of contaminated food and liquids such as pork, milk, water, and tofu. The period of 
 communicability is lengthy and shedding of the organisms in the stool has been detected up to 90 days 
following symptom resolution  [  78,   79  ] .  
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   Pathogenesis 

  Y. enterocolitica  belongs to a group of non-lactose fermenting gram-negative bacilli including  Yersinia 
pseudotuberculosis , which are glucose fermenting and oxidase negative. In the USA, most human 
illness is caused by one species,  Y. enterocolitica . Although not fully understood, it is postulated that 
the  Y. enterocolitica  species causes tissue destruction by means of either chromosomally mediated 
effects or plasmin-mediated effects. It is known that the bacteria colonize and produce disease in the 
small intestine which leads to the colonization of underlying lymphoid tissues described as Peyer’s 
patches. From colonization within these patches, the organism can disseminate to extra-intestinal 
sites. Following the incubation period, infection can result in mucosal ulceration and perforation, 
necrosis at the site of the Peyer’s patches, and mesenteric lymph node enlargement  [  80,   81  ] .  

   Manifestation 

 Presenting signs and symptoms of  Y. enterocolitica  infection are varied depending on the age of the 
person infected. Symptoms typically develop 4–7 days after exposure and, in children, fever, vomit-
ing, abdominal pain, and bloody diarrhea are common. In older children and adults, manifestations 
include enterocolitis, septicemia, pharyngitis, dermatitis, myocarditis, pseudoappendicitis, mesenteric 
adenitis, reactive arthritis, erythema nodosum, and glomerulonephritis  [  82–  84  ] . Because  Y. enteroco-
litica  requires iron for growth, individuals with iron overload (hereditary hemochromatosis and 
chronic hemolysis) are at increased risk of developing severe systemic infection.  

   Diagnosis/Treatment 

 Distinguishing  Y. enterocolitica  from other invasive pathogens in routine stool samples may be 
dif fi cult. Isolation of  Y enterocolitica  from otherwise sterile samples, such as blood, CSF, and lymph 
node tissue, is usually faster than recovery from stool samples. 

 As with other bacterial infections, treatment is aimed at maintaining hydration and at symptomatic 
relief. In cases of severe systemic illness, treatment with aminoglycosides, chloramphenicol, tetracy-
cline, trimethoprim-sulfamethoxazole, piperacillin, cipro fl oxacin, and third-generation cephalosporins 
have been shown to shorten the course of illness.   

    Clostridium dif fi cile  

   Epidemiology/Incidence 

  C. dif fi cile  is present in the intestinal  fl ora of as many as 2–3% of healthy adults and as many as 70% of 
infants .   [  85  ]  Outbreaks of  C. dif fi cile  diarrhea typically occur in hospitals or outpatient treatment centers 
where the spores are present. It is responsible for as many as three million cases of diarrheal illness and 
colitis per year. The incidence of infection in hospitalized individuals has steadily been increasing from 
30 to 40/100,000 in the 1990s to 84/100,000 in 2005. It has been reported that 20% of hospitalized indi-
viduals will acquire  C. dif fi cile  at one point in their hospitalization and that 30% of these patients will 
develop diarrheal illness making  C. dif fi cile  the most prevalent nosocomial infection  [  85–  88  ] . The incu-
bation period is unknown but patients can present within hours of exposure or not for months following 
antibiotic use. The mode of transmission is via the fecal oral route presumed to be from care workers 
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soiled hands or contaminated environment. The greatest risk is for those who receive antibiotic therapy, 
especially broad-spectrum antibiotics or antibiotic treatment of long duration.  

   Pathogenesis 

  C. dif fi cile  are gram-positive anaerobic spore forming bacilli. They are capable of surviving in the 
environment for several months to a year by forming a heat resistant spore. Once they  fi nd their way 
into the intestinal tract of a healthy host, the normal gut  fl ora is capable of resisting overgrowth and 
colonization. When the normal gut  fl ora is disrupted, as with exposure to antibiotics,  C. dif fi cile  
evades immune responses, proliferates in the colon, and produces toxins. The two distinct toxins that 
are produced by pathogenic strains of  C. dif fi cile  are Toxin A, which is an enterotoxin, and toxin B, 
which is a cytotoxin. These two toxins work together to bind with speci fi c receptors in the intestinal 
wall, where they stimulate the production of tumor necrosis factor-alpha and proin fl ammatory inter-
leukins which contribute to the in fl ammatory response and formation of an adherent yellow appearing 
plaque in the intestinal mucosa termed a pseudomembrane. The disruption in the colonic wall increases 
permeability resulting in watery diarrhea. In rare circumstances, the damage can be so extensive as to 
lead to perforation, peritonitis, or toxic megacolon.  

   Manifestation 

 Most individuals present with mild to moderate watery diarrhea (rarely bloody), cramping abdominal 
pain, anorexia, malaise, and fever during or shortly after starting a course of antibiotics. However, up 
to 40% may not develop symptoms for as many as 10 weeks following antibiotic exposure  [  86  ] . The 
most common antibiotics implicated in the development of  C. dif fi cile  diarrhea include the cepha-
losporins (especially second and third generation), ampicillin/amoxicillin, and clindamycin. Agents 
occasionally attributed to the development are the macrolides and other penicillins.  

   Diagnosis/Treatment 

 Any hospitalized individual who develops diarrhea following antibiotic exposure should have a stool 
sample sent to detect  C. dif fi cile  toxins. Typical studies include an EIA, PCR, or tissue culture assay. 
When evaluating for fulminant disease or pseudomembrane, a  fl exible colonoscopy or CT scan may be 
helpful. Cessation of the causative antibiotics may be the only treatment necessary in mild cases and 
should be attempted whenever possible. In moderate cases, oral treatment with metronidazole or van-
comycin is effective. In fulminant disease, a combination of intravenous metronidazole and oral van-
comycin may be required. Patients are expected to show improvement within 4 days; however, the 
relapse rate is relatively high with as many as 27% of individuals suffering a relapse within 3 weeks 
following the cessation of therapy  [  86,   87  ] . The reason for the high reoccurrence rate is not fully under-
stood but is thought to be a result of failure to eradicate the organism from the colon, or from a subse-
quent re-exposure from within the environment. Unproven adjunct therapies on the horizon include the 
use of probiotics to hasten recolonization of normal gut  fl ora, nitazoxanide in lieu of metronidazole, 
rifaximin to prevent relapse following treatment with vancomycin, cholestyramine to bind  C. dif fi cile  
toxins A and B (also binds vancomycin so it cannot be used concurrently with oral vancomycin), and 
intravenous immune globulin for refractory disease in those individuals felt to have a poor immune 
response. Antidiarrheal agents must not be utilized as these may increase the severity and duration of 
illness  [  85–  88  ] .   
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   Parasitic Infection 

  Giardia  is the most common human parasitic disease in the USA. It infects around 2% of adults and 
6–8% of children in developed countries worldwide and up to 33% of people living in less industrial-
ized nations have had giardiasis at some point in their lives  [  89  ] . Although anyone can get giardiasis, 
those at increased risk are travelers to countries where giardiasis is common, backpackers or campers 
who drink untreated water, and people exposed to infected animals or other humans.  Giardia  (termed 
 Giardia intestinalis ,  Giardia lamblia , or  Giardia duodenalis ) is a microscopic protozoan  fl agellate 
which is protected by an outer shell which allows it to live outside of a host for long periods of time 
even in extreme temperatures and renders it resistant to standard disinfectants such as chlorine. The 
cysts are found in the soil, food, and water that has been contaminated with feces from infected 
humans or animals. Ingestion of as little as ten cysts may cause illness and an infected individual can 
shed 1–10 billion cysts daily in their feces  [  90  ] . Shedding of the parasite can persist for several months. 
Infection occurs following ingestion of cysts in the small intestine where excystation causes the release 
of trophozoites which then multiply and attach to the mucosa by a ventral sucking disk. The present-
ing signs and symptoms vary and can last for 1–2 weeks or longer. Typical acute symptoms include 
diarrhea with greasy stools that tend to  fl oat,  fl atulence, abdominal cramping, nausea, vomiting, and 
dehydration. Some individuals will remain asymptomatic and in others the symptoms may wax and 
wane over a period of a few days to weeks. In more extreme cases and in those not treated,  Giardiasis  
can cause weight loss and failure to absorb fat, lactose, vitamin A, and vitamin B12. Diagnosis is by 
fecal immunoassays. The testing of three stool specimens collected every other day increases test 
sensitivity. Treatment with metronidazole, tinidazole, or nitazoxanide is typically effective  [  90–  92  ] . 

  Cryptosporidiosis  is another common parasitic infection known to cause diarrheal illness world-
wide. It is estimated that 748,000 cases of cryptosporidiosis occur annually in the USA alone. Several 
outbreaks of cryptosporidium have occurred in American water parks, community swimming pools, 
and day care centers. There are many species of  Cryptosporidium  that are pathogenic to humans and 
a wide range of animals. C ryptosporidium parvum  and  Cryptosporidium hominis  (formerly known as 
 C. parvum  anthroponotic genotype or genotype 1) are the most prevalent species causing disease in 
humans. Like giardia,  Cryptosporidium  are microscopic parasites found in contaminated water and 
spread by fecal oral transmission. They are encapsulated like the giardia spores and can survive out-
side a host for long periods and are similarly resistant to chlorine. Following ingestion of the sporu-
lated oocysts, excystation occurs releasing the sporozoites which then attach to the hosts intestinal 
epithelial cells and those of the respiratory tract. The parasites then multiply, producing two different 
types of oocysts, one which is commonly excreted from the host, and the other which is primarily 
involved in autoinfection. Symptoms of cryptosporidiosis generally begin around 7 days (ranging 
2–10 days) after becoming infected with the parasite. Although some infected people will be asymp-
tomatic, the most common symptom of cryptosporidiosis is watery diarrhea. Other symptoms include 
abdominal cramping, dehydration, nausea, vomiting, fever, and anorexia. Symptoms usually last 
about 1–2 weeks in healthy individual and resolve spontaneously. Like giardia, people may experi-
ence symptoms which can come and go for up to 30 days. Immunocompromised individuals may 
develop serious, chronic, and sometimes fatal illness. Diagnosis is based on history and stool speci-
mens which are examined microscopically with acid-fast staining, direct  fl uorescent antibody, and/or 
EIAs for detection of  Cryptosporidium  sp. antigens. Several stool samples may be required to increase 
sensitivity. Treatment is supportive and rarely requires aggressive intervention. In those with severe 
disease, nitazoxanide is the treatment of choice. The most common symptom of  Cryptosporiosis  is 
watery diarrhea and the antibiotic of choice is trimethoprim-sulfamethoxazole  [  93,   94  ] . 

  Entamoeba histolytica  is another microscopic parasite which commonly affects people living in 
the tropics and in areas with poor sanitary conditions. Only about 10–20% of people who are infected 
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with  E. histolytica  become sick from the infection. Symptoms typically develop within 2–4 weeks of 
exposure, though it can sometimes take longer. Rarely, it can cause amebic dysentery associated with 
stomach pain, bloody diarrhea, and fever. If  E. histolytica  invades the liver, it can form an abscess and 
there are reports in a small number of instances, where it has spread to other parts of the body, such 
as the lungs or brain, but this is very uncommon. Diagnosis of amebiasis can be very dif fi cult as sev-
eral parasites resemble  E. histolytica  on microscopic exam and like the other parasitic infections it 
may take several stool samples to yield a positive result. Luminal amoebicides (such as paromomycin, 
diloxanide furoate, and iodoquinol) and metronidazole are effective treatments  [  95  ] . 

  Strongyloides stercoralis  (nematode or roundworm) is a parasitic infection which infects approxi-
mately 30 million people worldwide and is endemic to tropical, subtropical, and temperate areas 
including the Appalachian region of the southern USA. 

 The  fi lariform larvae in contaminated soil penetrate the human skin, and are transported to the 
lungs where they penetrate the alveolar spaces. From the alveolar spaces, they are carried through the 
bronchial tree to the pharynx where they are swallowed and travel to the small intestine where they 
initiate the parasitic cycle. 

 The females live threaded in the epithelium of the small intestine and by parthenogenesis produce 
eggs which yield rhabditiform larvae. These rhabditiform larvae can either be passed in the stool or 
can cause autoinfection. Most people infected with  Strongyloidoisis  are asymptomatic but immuno-
compromised individuals may develop disseminated disease. Common manifestations include 
abdominal pain and diarrhea. Pulmonary symptoms (including Loef fl er’s syndrome) can occur during 
pulmonary migration of the  fi lariform larvae. Other symptoms include urticarial rashes in the buttocks 
and waist areas. In disseminated strongyloidiasis, which can be fatal, patients may present with acute 
abdominal pain, distension, shock, pulmonary and neurologic complications, and septicemia. 
Diagnosis is based on the presence of the parasite in stool samples. Duodenal  fl uid may be examined 
using techniques such as the Enterotest string or duodenal aspiration. Larvae may also be detected in 
sputum from patients with disseminated strongyloidiasis. Treatment options for uncomplicated dis-
ease include thiabendazole, ivermectin, and albendazole  [  96–  98  ] . 

  Trichuris trichuria  (whipworm) is the third most common roundworm pathogenic to humans. It is 
a soil-transmitted helminth frequently found in areas with tropical weather and in the southern USA. 
Trichuriasis is transmitted by the fecal-oral route or through ingestion of feces contaminated food and 
often occurs in areas with poor sanitation and where human feces is used as fertilizer. An estimated 
604–795 million people in the world are infected with whipworm. The whipworm lives in the large 
intestine of the host and eggs are passed in the feces, which, if ingested by another human, begins the 
parasitic cycle anew. People with Trichuriasis may be asymptomatic or may become very ill. Symptoms 
include the painful frequent passage of bloody or watery or mucous- fi lled stool. In severe cases, rectal 
prolapse has been reported. Diagnosis is by microscopic identi fi cation of the parasite in the stool and 
treatment is with albendazole and mebendazole  [  99  ] . 

 These causes of chronic diarrhea overlap somewhat with the etiology of acute diarrhea and are 
beyond the scope of this chapter.  

   Treatment 

 There have been guidelines developed over the years from various societies to help standardize the 
treatment of AGE, particularly, in an outpatient setting. A study from 2010 showed that guidelines for 
the treatment of mild to moderate AGE are poorly applied by primary care physicians  [  100  ] . In order 
to properly treat AGE, the degree of dehydration must be assessed.  
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   Degrees of Dehydration 

 A thorough and proper history and physical exam is the key to determining the degree of dehydration 
in a patient. In neonates, the anterior fontanelle may be soft and  fl at with minimal dehydration vs. 
sunken in severe dehydration, but this physical  fi nding alone can be misleading without ensuring a 
complete evaluation of the child, including his mental status. Proper interpretation of vital signs is 
essential, and low blood pressure is a late sign of dehydration that must be treated aggressively with 
intravenous (IV) hydration. It may be dif fi cult to assess the amount of urine output if it is mixed with 
diarrheal stools in infants and young children; however, if a urine sample can be obtained, a high 
speci fi c gravity ( ³ 1.020) can be an indication of dehydration  [  101  ] . Historically, dehydration is 
divided into three classes depending on the percent of  fl uid de fi cit: mild (3–5%), moderate (6–9%), 
and severe ( ³ 10%, with signs of shock). Previous studies have found that the  fi rst clinical signs and 
symptoms of dehydration are not evident until the patient is at least 3–4% dehydrated, and it may be 
dif fi cult to distinguish between mild and moderate dehydration on the basis of clinical signs alone 
 [  101,   102  ] . 

 Tables  10.4  and  10.5  list the signs and symptoms associated with the degrees of dehydration, and 
the indications for referral for medical evaluation in children with acute diarrhea, as these are key to 
determining the route and type of therapy for the patient.   

   Table 10.4    Signs and symptoms of different degrees of dehydration (Courtesy of King et al.  [  2  ] )   

 Symptom 

 Minimal or no 
dehydration (<3% loss 
of body weight) 

 Mild to moderate dehydration 
(3–9% loss of body weight) 

 Severe dehydration 
(>9% loss of body weight) 

 Mental status  Well; alert  Normal, fatigued or restless, irritable  Apathetic, lethargic, unconscious 
 Thirst  Drinks normally; might 

refuse liquids 
 Thirsty; eager to drink  Drinks poorly; unable to drink 

 Heart rate  Normal  Normal to increased  Tachycardia, with bradycardia 
in most severe cases 

 Quality of pulses  Normal  Normal to decreased  Weak, thready, or impalpable 
 Breathing  Normal  Normal; fast  Deep 
 Eyes  Normal  Slightly sunken  Deeply sunken 
 Tears  Present  Decreased  Absent 
 Mouth and tongue  Moist  Dry  Parched 
 Skin fold  Instant recoil  Recoil in <2 s  Recoil in >2 s 
 Capillary re fi ll  Normal  Prolonged  Prolonged; minimal 
 Extremities  Warm  Cool  Cold; mottled; cyanotic 
 Urine output  Normal to decreased  Decreased  Minimal 

  Sources: Adapted from Duggan et al.  [  123  ] , World Health Organization  [  124  ]   

   Table 10.5    Indications for referral for medical evaluation in children with acute diarrhea (Adapted from King et al.  [  2  ] )   

 Young age (e.g., age <6 months or weight <8 kg) 
 History of premature birth, chronic medical conditions, or concurrent illness 
 Fever (>38 °C for infants <3 months or  ³ 39 °C for children 3–36 months) 
 Visible blood in stool 
 Frequent and substantial volumes of diarrhea 
 Persistent vomiting 
 Caregiver’s report of signs consistent with dehydration (e.g., sunken eyes or decreased tears, dry mucous membranes, 

or decreased urine output) 
 Change in mental status (e.g., irritability, apathy, or lethargy) 
 Suboptimal response to oral rehydration therapy already administered 
 Inability of the caregiver to administer oral rehydration therapy 
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 A recent study from Italy evaluated the applicability and ef fi cacy of guidelines for the management 
of AGE as used by pediatricians. Results showed that the duration of diarrhea was shorter in the group 
of patients treated by pediatricians who underwent training in AGE management than in those patients 
whose pediatricians who were not of fi cially trained. The four major recommendations in the guide-
lines are as follows:

    1.    Rapid oral rehydration for 3–4 h with a hypoosmolar solution (Sodium 60 mmol/L)  
    2.    Refeeding after 4 h of rehydration with the patient’s normal diet, including solids, full-strength 

formula, or milk, with no restriction of lactose intake  
    3.    Avoidance of unnecessary medications  
    4.    Avoidance of microbiological investigations     

 This study found that many physicians do not follow these guidelines, with the prescription of an 
elimination diet (the temporary withdrawal of lactose) and the use of antidiarrheal medications (pro-
biotics) as the two biggest violations of the guidelines  [  100  ] . 

 In 2008, The European Society for Paediatric Gastroenterology, Hepatology, and Nutrition/
European Society for Paediatric Infectious Diseases established evidence based guidelines for the 
management of AGE in children in Europe. They recommend that hospitalization should be reserved 
only for those patients in need of procedures such as intravenous rehydration. Otherwise, oral rehy-
dration is the key treatment and should be applied as soon as possible with reduced osmolarity solu-
tion offered often. 

 There is again, emphasis placed on the administration of a regular diet to the patient, and the avoid-
ance of antibiotics, except for when treating AGE secondary to Shigellosis and early stage 
 Campylobacter  infection  [  27  ] . 

   Rehydration and Maintenance 

 Therapy for AGE should be tailored to the degree of dehydration present and should be done in two 
phases: rehydration and maintenance. Table  10.6  summarizes the approaches to therapy for the differ-
ent degrees of dehydration. For patients with minimal or no dehydration from AGE, the goal is to 

   Table 10.6    Summary of therapy based on percent dehydration (Adapted from King et al.  [  2  ] )   

 Degrees of 
dehydration  5%  5–10%  >10% 

 Rehydration  None  ORS: 50–100 mL/kg 
BW over 4 h 

 LR or NS: 20 mL/kg BW IV until 
improvement in perfusion and mental 
status is seen, followed by 100 mL/
kg BW ORS over 4 h, or D1/2 NS 
IV running at twice maintenance if 
patient not able to tolerate oral intake 

 Fluid replacement  <10 kg BW: 60–120 mL 
ORS for each diarrheal 
stool or episode of 
emesis 

 Same as 5% 
dehydration 

 Same as 5% if able to tolerate  fl uids, 
NGT can be used for ORS replace-
ment; D1/4 or D ½ NS + 20 mEq 
KCl/L IV 

 Nutrition  Maintain breast-feeding 
or regular diet for age, 
ensuring adequate 
caloric intake 

 Same as 5% dehydration 
following initial 
rehydration therapy 

 Same 

   ORS  oral rehydration solution; mL/kg;  BW  milliliters per kilogram body weight;  IV  intravenous;  D  dextrose;  NS  normal 
saline;  LR  lactated ringers;  KCl  potassium chloride  
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provide adequate  fl uids while continuing an age-appropriate diet. If the mother is breast-feeding, this 
should continue even during the initial rehydration phases. In practice, 1 mL of  fl uid should be given 
for each gram of output; however, if losses cannot be measured (e.g., in an outpatient setting), 10 mL 
of additional  fl uid is given per kilogram (kg) body weight for each diarrheal stool or 2 mL/kg body 
weight for each episode of emesis. Further simplifying based on weight: if the patient is <10 kg, he 
should receive 60–120 mL (2–4 oz) of  fl uid for each episode of emesis or diarrhea that occurs. Patients 
with mild to moderate dehydration from AGE should have the estimated  fl uid de fi cit rapidly replaced 
using 50–100 mL of an oral rehydration solution (ORS) per kg body weight over 2–4 h. This should 
be followed by ongoing administration of ORS either by mouth or via a nasogastric (NG) tube if nec-
essary, in vomiting patients. Rapid NG rehydration has been found to be well-tolerated, more cost-
effective, and associated with fewer adverse effects than rapid IV rehydration  [  2,   102–  104  ] .  

 Table  10.7  lists the different ORS solutions available for rehydration and maintenance therapy, as 
well as common beverages which should not be used as treatment for diarrhea.  

 The WHO and United Nations Children’s Fund (UNICEF) recommend a reduced osmolarity solu-
tion for global use after  fi nding no clinical difference (except for nonsymptomatic hyponatremia), 
between patients treated with lower osmolarity ORS solution vs. those treated with the standard ORS 
solution. The biggest differences between the WHO-ORS solution and the common pedialyte solution 
used in the USA are the carbohydrate, sodium, and chloride contents, though either solution is adequate 
to treat AGE. It is more important to recognize that the commonly administered soft drinks or apple 
juice are extremely low in nutritional value and high in osmolarity, which could contribute to worsen-
ing symptoms of diarrhea in children and should, therefore, never be recommended as therapy  [  102  ] . 

 Patients who are severely dehydrated demonstrating signs of hypovolemic shock (poor pulses, 
prolonged capillary re fi ll, altered mental status) require immediate IV rehydration with normal 
saline (NS), Lactated Ringer’s (LR), or a similar isotonic solution in a 20 mL/kg body weight dose. 

   Table 10.7    Types of oral rehydration and electrolyte contents   

 Solution 
 Carbohydrate 
(gm/L) 

 Sodium 
(mmol/L) 

 Potassium 
(mmol/L) 

 Chloride 
(mmol/L) 

 Base a  
(mmol/L) 

 Osmolarity 
(mOsm/L) 

 ORS 
 World Health Organization (WHO) (2002)  13.5  75  20  65  30  245 
 WHO (1975   )  20  90  20  80  30  311 
 European Society of Paediatric 

Gastroenterology, Hepatology and Nutrition 
 16  60  20  60  30  240 

 Enfalyte ®b   30  50  25  45  34  200 
 Pedialyte ®c   25  45  20  35  30  250 
 Rehydralyte ®d   25  75  20  65  30  205 
 CeraLyte ®e   40  50–90  20  NA f   30  220 

 Commonly used beverages (not appropriate for diarrhea treatment) 
 Apple juice g   120  0.4  44  45  N/A  730 
 Coca-Cola ®h  Classic  112  1.6  N/A  N/A  13.4  650 

   a Actual or potential bicarbonate (e.g., lactate, citrate, or acetate) 
  b Mead-Johnson Laboratories, Princeton, NJ. Additional information is available at   http://www.meadjohnson.com/products/
cons-infant/enfalyte.html     
  c Ross Laboratories (Abbott Laboratories), Columbus, OH. Data regarding Flavored and Freezer Pop Pedialyte are identical. 
Additional information is available at   http://www.pedialyte.com     
  d Ross Laboratories (Abbott Laboratories), Columbus, OH. Additional information is available at   http://rpdcon40.ross.com/pn/
PediatricProducts.NSF/web_Ross.com_XML_PediatricNutrition/96A5745B1183947385256A80007546E5?OpenDocument    . 
  e Cera Products, LLC, Jessup, MD. Additional information is available at   http://www.ceralyte.com/index.htm     
  f Not applicable 
  g Meeting US Department of Agriculture minimum requirements 
  h Coca-Cola Corporation, Atlanta, GA. Figures do not include electrolytes that might be present in local water used for bottling. 
Base = phosphate 
 Courtesy of Centers for Disease Control and Prevention  

http://www.meadjohnson.com/products/cons-infant/enfalyte.html
http://www.meadjohnson.com/products/cons-infant/enfalyte.html
http://www.pedialyte.com
http://rpdcon40.ross.com/pn/PediatricProducts.NSF/web_Ross.com_XML_PediatricNutrition/96A5745B1183947385256A80007546E5?OpenDocument
http://rpdcon40.ross.com/pn/PediatricProducts.NSF/web_Ross.com_XML_PediatricNutrition/96A5745B1183947385256A80007546E5?OpenDocument
http://www.ceralyte.com/index.htm
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Repeated doses of IV rehydration should be administered until symptoms of hypovolemic shock 
begin to improve, or until the patient can be admitted into the hospital for further monitoring. 

 Ideally, most patients with AGE and dehydration should be treated as an outpatient, with frequent 
follow up visits with the primary care physician to assess the hydration status throughout the illness. 
There are times, however, when despite the best home or outpatient management, the patient requires 
admission to the hospital for further care. Indications for hospital admission include the parents’ 
inability to manage oral rehydration at home, usually because of the patient having inadequate intake 
from refusal or emesis, or worsening diarrhea resulting in severe dehydration. Younger patients can 
be more prone to severe dehydration; therefore, it is recommended that if a child is less than a year of 
age or if the diagnosis is not certain, closer observation in a hospital setting may be of bene fi t. Other 
risk factors for increased mortality in the USA from acute diarrhea include prematurity, young mater-
nal age, rural residence, and black race  [  103–  105  ] . 

 Patients with severe hypernatremic dehydration (Na >145 mEq/L) can do well with ORT; however, 
they usually require correction of the free water (FW) de fi cit using the formula: FW de fi cit (in 
liters) = 0.6 × weight (kg) × [(patient sodium/140)−1]. (Estimated body water is 0.6 × weight in kg and 
140 mEq/L is the desired sodium level.) 

 This is followed by maintenance of hydration with either ORT or IV  fl uids  [  106  ] .  

   Dietary Therapy 

 Dietary therapy during maintenance hydration will vary based on the age and diet history of the 
patient. If an infant or child is breast or formula fed, this should continue. It is usually not necessary 
to use a lactose free or reduced formula, though some studies have shown some infants with malnutri-
tion or severe dehydration recover more quickly when they are give a lactose-free formula for treat-
ment of acute gastroenteritis  [  107  ] . Quarter or half-strength formulas have also been found to prolong 
resolution of symptoms and delay recovery. Soy formulas have shown a decrease in the duration of 
diarrhea associated with administration of antibiotics in older infants and toddlers  [  108  ] . The tradi-
tional BRAT diet (bananas, rice, applesauce, and toast) can be too restrictive and does not allow for 
adequate consumption of calories, which can result in severe malnourishment. It should not be recom-
mended to with hold nutrition for 24 h, as many studies show early feeding decreases changes in 
intestinal permeability induced by infection and results in shorter duration of diarrhea with improved 
nutritional outcome  [  2,   103,   109  ] . Appropriate foods to recommend include yogurt, fruits, vegetables, 
complex carbohydrates (oatmeal, cornmeal, wheat), and meats, with an emphasis on maintaining 
caloric intake during acute episodes of emesis or diarrhea.  

   Pharmacologic Therapy 

 Adsorbents, toxin binders, antimotility, and antisecretory agents have limited data about their ef fi cacy 
in older children and adults, mainly because none of these medications treats the underlying cause of 
the diarrhea, which is increased secretion from the intestinal crypt cells. Antiemetics, such as phe-
nothiazines, may slow oral rehydration by causing the patient to be drowsy. The administration of the 
serotonin antagonist ondansetron, by either oral or IV route, has gained popularity as a medication to 
prevent patients from having emesis and diarrhea to prevent further dehydration. 

 The routine use of antimicrobial agents in the treatment of acute diarrhea may predispose the 
patient to antimicrobial resistance, and is not recommended. Most cases of diarrhea in developed 
countries are viral in nature, with the most common being rotavirus, Norovirus (in the Calicivirus 
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family), adenovirus, which infects children less than 2 years of age, and astrovirus, which infects 
infants and young children more than adults. When a bacterial source is suspected, or has been 
identi fi ed, antimicrobial therapy is still not often recommended, as the diarrhea is usually self-limiting 
and the course has not been found to be shortened by treatment with these agents. There are, however, 
special cases such as immunode fi ciency or prematurity, when antimicrobials are necessary for treat-
ment of acute diarrhea, but therapy should be based on the needs of the individual patient.  

   Other Supplemental Therapies 

 Studies from all over the world have demonstrated that severe zinc de fi ciency is associated with diar-
rhea, and zinc supplementation could potentially be of bene fi t either for improved outcomes or as 
prophylaxis in acute or chronic diarrhea. Patients who had low levels of zinc found on rectal biopsies 
had shorter duration of acute diarrhea after receiving zinc supplementation  [  110–  112  ] . Clinical out-
comes among patients who received zinc-forti fi ed ORS were improved compared with those who 
received standard ORS, with lower total number of bowel movements in the zinc-ORS group; how-
ever, there was no signi fi cant difference between the groups in the duration of diarrhea or risk for 
prolonged symptoms  [  113  ] . More research is warranted to investigate how zinc can aid with treatment 
of AGE and to determine the best way to administer it to different patient populations. 

 Probiotics have been de fi ned as “functional food” therapy, and are thought to have an effect on the 
physiologic process of intestinal healing in addition to the nutritional value. They function as live 
microorganisms in fermented foods that improve balance in intestinal  fl ora and have been associated 
with reducing the duration or severity of diarrheal illnesses among pediatric patients who have been 
infected with rotavirus or have diarrhea from antibiotic therapy  [  114–  116  ] . They are thought to com-
pete with pathogenic bacteria for receptor sites or intraluminal nutrients. In addition, it is thought they 
aid in the production of antibiotic substances, and enhance host immune defenses.  Lactobacillus  and 
 Bi fi dobacteria  species have received positive reviews in studies regarding their safety and effective-
ness in treating infectious diarrhea in children  [  117  ] . Despite this, it is currently dif fi cult to obtain a 
consensus regarding the amount and duration of use of probiotics, as study samples are small and can 
have much variability in the duration of therapy. 

 Prebiotics, such as the oligosaccharides in human milk, are complex carbohydrates that stimulate 
the growth of health-promoting intestinal  fl ora, such as  Lactobacillus  and  Bi fi dobacteria . There have, 
however, been con fl icting studies regarding their effectiveness in reducing the incidence of diarrhea 
in infants and children in urban areas; therefore, further studies are recommended  [  118  ] . 

 In conclusion, the combination of oral rehydration therapy followed by early administration of 
nutritional support has been proven to effectively treat patients with AGE. It is essential to obtain a 
thorough history and physical exam in order to establish the proper degree of dehydration of the 
patient, and then direct the appropriate therapy.       

      References 

    1.    World Health Organization. The world health report. Geneva: WHO; 1999.  
    2.   King CK, Glass R, Bresee JS, Duggan C; Centers for Disease Control and Prevention. Managing acute gastroen-

teritis among children: oral rehydration, maintenance, and nutritional therapy. MMWR Recomm Rep. 
2003;52(RR-16)1–16.  

    3.    Cohen MB. Etiology and mechanisms of acute infectious diarrhea in infants in the United States. J Pediatr. 
1991;118:S34.  

    4.    Pang XL, Honma S, Nakata S, Vesikari T. Human caliciviruses in acute gastroenteritis of young children in the 
community. J Infect Dis. 2000;181 Suppl 2:S288.  



14110 Dietary Methods to Treat Acute Gastroenteritis

    5.    Castro GA. Fluid and electrolyte absorption. In: Johnson LR, editor. Gastrointestinal physiology. St. Louis: 
Mosby; 2001. p. 131.  

    6.    Field M. Intestinal ion transport and the pathophysiology of diarrhea. J Clin Invest. 2003;111:931.  
    7.    Vanderhoof JA. Chronic diarrhea. Pediatr Rev. 1998;19:418.  
    8.   Beers MH, Berkow R. The Merck manual of diagnosis and therapy. 18th ed. Whitehouse Station: Merck; 2006 

[online] Dysentery   http://www.merck.com/mmpe/sec14/ch185/ch185b.html?qt=dysentery&alt=sh    .  
    9.    Binder HJ. Causes of chronic diarrhea. N Engl J Med. 2006;355:236.  
    10.    Bhutta ZA, Ghishan F, Lindley K, et al. Persistent and chronic diarrhea and malabsorption: Working Group report 

of the second World Congress of Pediatric Gastroenterology, Hepatology, and Nutrition. J Pediatr Gastroenterol 
Nutr. 2004;39 Suppl 2:S711.  

    11.    Gibbons T, Fuchs GJ. Chronic enteropathy: clinical aspects. Nestle Nutr Workshop Ser Pediatr Program. 
2007;59:89.  

    12.    Ochoa TJ, Salazar-Lindo E, Cleary TG. Management of children with infection-associated persistent diarrhea. 
Semin Pediatr Infect Dis. 2004;15:229.  

    13.    Finkelstein JA, Schwartz JS, Torrey S, Fleisher GR. Common clinical features as predictors of bacterial diarrhea 
in infants. Am J Emerg Med. 1989;7:469.  

    14.    Bonadio WA, Hennes HH, Machi J, Madagame E. Ef fi cacy of measuring BUN in assessing children with dehy-
dration due to gastroenteritis. Ann Emerg Med. 1989;18:755–7.  

    15.    Mackenzie A, Barnes G, Shann F. Clinical signs of dehydration in children. Lancet. 1989;2:605–7.  
    16.    Yilmaz K, Karabocuoglu M, Citak A, Uzel N. Evaluation of laboratory tests in dehydrated children with acute 

gastroenteritis. J Paediatr Child Health. 2002;38:226–8.  
    17.    Shaoul R, Okev N, Tamir A, Lanir A, Jaffe M. Value of laboratory studies in assessment of dehydration in chil-

dren. Ann Clin Biochem. 2004;41:192–6.  
    18.    Gupta DN, Sircar BK, Sengupta PG, et al. Epidemiological and clinical pro fi les of acute invasive diarrhoea with 

special reference to mucoid episodes: a rural community-based longitudinal study. Trans R Soc Trop Med Hyg. 
1996;90:544.  

    19.    Dutta P, Mitra U, Saha DR, et al. Mucoid presentation of acute enterocolitis in children: a hospital-based case–
control study. Acta Paediatr. 1999;88:822.  

    20.    Rothrock SG, Skeoch G, Rush JJ, Johnson NE. Clinical features of misdiagnosed appendicitis in children. Ann 
Emerg Med. 1991;20:45.  

    21.    Boyce TG, Swerdlow DL, Grif fi n PM. Escherichia coli O157:H7 and the hemolytic-uremic syndrome. N Engl J 
Med. 1995;333:364.  

    22.    Torrey S, Fleisher G, Jaffe D. Incidence of Salmonella bacteremia in infants with Salmonella gastroenteritis. 
J Pediatr. 1986;108:718.  

    23.    Ashkenazi S. Shigella infections in children: new insights. Semin Pediatr Infect Dis. 2004;15:246.  
    24.    Issenman RM, Hewson S, Pirhonen D, et al. Are chronic digestive complaints the result of abnormal dietary pat-

terns? Diet and digestive complaints in children at 22 and 40 months of age. Am J Dis Child. 1987;141:679.  
    25.    Talley NJ, Zinsmeister AR, Van Dyke C, Melton III LJ. Epidemiology of colonic symptoms and the irritable 

bowel syndrome. Gastroenterology. 1991;101:927.  
    26.    Glass RI, Bresee J, Jiang B, et al. Gastroenteritis viruses: an overview. Novartis Found Symp. 2001;238:5.  
    27.    Guarino A, Albano F, Ashkenazi S, et al. European Society for Paediatric Gastroenterology, Hepatology, and 

Nutrition/European Society for Paediatric Infectious Diseases evidence-based guidelines for the management of 
acute gastroenteritis in children in Europe. J Pediatr Gastroenterol Nutr. 2008;46 Suppl 2:S81.  

    28.    Matson DO, Estes MK. Impact of rotavirus infection at a large pediatric hospital. J Infect Dis. 1990;162:598.  
    29.    Velázquez FR, Matson DO, Calva JJ, et al. Rotavirus infections in infants as protection against subsequent infec-

tions. N Engl J Med. 1996;335:1022.  
    30.    Doan LT, Okitsu S, Nishio O, et al. Epidemiological features of rotavirus infection among hospitalized children 

with gastroenteristis in Ho Chi Minh City, Vietnam. J Med Virol. 2003;69:588.  
    31.    Subekti D, Lesmana M, Tjaniadi P, et al. Incidence of Norwalk-like viruses, rotavirus and adenovirus infection in 

patients with acute gastroenteritis in Jakarta, Indonesia. FEMS Immunol Med Microbiol. 2002;33:27.  
    32.    Oh DY, Gaedicke G, Schreier E. Viral agents of acute gastroenteritis in German children: prevalence and molecu-

lar diversity. J Med Virol. 2003;71:82.  
    33.    Jamieson FB, Wang EE, Bain C, et al. Human torovirus: a new nosocomial gastrointestinal pathogen. J Infect Dis. 

1998;178:1263.  
    34.    Yamashita T, Sakae K, Tsuzuki H, et al. Complete nucleotide sequence and genetic organization of Aichi virus, a 

distinct member of the Picornaviridae associated with acute gastroenteritis in humans. J Virol. 1998;72:8408.  
    35.    Joki-Korpela P, Hyypiä T. Diagnosis and epidemiology of echovirus 22 infections. Clin Infect Dis. 

1998;27:129.  
    36.    Tucker AW, Haddix AC, Bresee JS, et al. Cost-effectiveness analysis of a rotavirus immunization program for the 

United States. JAMA. 1998;279:1371.  

http://www.merck.com/mmpe/sec14/ch185/ch185b.html?qt=dysentery&alt=sh


142 S. del Castillo and K. Catton

    37.    Ho MS, Glass RI, Pinsky PF, et al. Diarrheal deaths in American children. Are they preventable? JAMA. 
1988;260:3281.  

    38.    Rodriguez WJ, Kim HW, Arrobio JO, et al. Clinical features of acute gastroenteritis associated with human reo-
virus-like agent in infants and young children. J Pediatr. 1977;91:188.  

    39.    Staat MA, Azimi PH, Berke T, et al. Clinical presentations of rotavirus infection among hospitalized children. 
Pediatr Infect Dis J. 2002;21:221.  

    40.    Konno T, Suzuki H, Imai A, Ishida N. Reovirus-like agent in acute epidemic gastroenteritis in Japanese infants: 
fecal shedding and serologic response. J Infect Dis. 1977;135:259.  

    41.    Arias CF, Isa P, Guererro CA, Mendez E, Zárate S, López T, Espinosa R, Romero P, López S. Molecular biology 
of rotavirus cell entry. Arch Med Res. 2002;33(4):356–61.  

    42.    Chin J, editor. Control of communicable diseases manual. 17th ed. Washington: American Public Health 
Association; 2000.  

    43.    Centers for Disease Control and Prevention (CDC). Preliminary food net data on the incidence of infection with 
pathogens transmitted commonly through food—10 states, 2009. MMWR Morb Mortal Wkly Rep. 
2010;59:418.  

    44.    American Medical Association, Centers for Disease Control and Prevention, Center for Food Safety and Applied 
Nutrition, Food and Drug Administration, Food Safety and Inspection Service, US Department of Agriculture. 
Diagnosis and management of foodborne illnesses: a primer for physicians. MMWR Recomm Rep. 2001;50:1.  

    45.    Glass RI, Noel J, Ando T, et al. The epidemiology of enteric caliciviruses from humans: a reassessment using new 
diagnostics. J Infect Dis. 2000;181 Suppl 2:S254.  

    46.    Acheson D. Campylobacter jejuni infections: update on emerging issues and trends. Clin Infect Dis. 
2001;32(8):1201–6.  

    47.    Nachamkin I, Mishu-Allos B, Ho TW.  Campylobacter jejuni  infection and the association with Guillain–Barré 
syndrome. In: NachamkinI BMJ, editor. Campylobacter. 2nd ed. Washington DC: American Society for 
Microbiology; 2000. p. 155–78.  

    48.    Zilbauer M, Dorrell N, Wren BW, Bajaj-Elliott M. Campylobacter jejuni-mediated disease pathogenesis: an 
update. Trans R Soc Trop Med Hyg. 2008;102(2):123–9.  

    49.    Coburn B, Grassl GA, Finlay BB. Salmonella, the host and disease: a brief review. Immunol Cell Biol. 
2007;85(2):112–8.  

    50.    Grassl GA, Finlay BB. Pathogenesis of enteric Salmonella infections. Curr Opin Gastroenterol. 
2008;24(1):22–6.  

    51.    Chambers HF, McPhee SJ, Papadakis MA, Tierney LM, editors. Current medical diagnosis and treatment. 47th 
ed. New York: McGraw-Hill; 2008. p. 1250–2.  

    52.    Weinberger M, Keller N. Recent trends in the epidemiology of non-typhoid Salmonella and antimicrobial resis-
tance: the Israeli experience and worldwide review. Curr Opin Infect Dis. 2005;18(6):513–21.  

    53.    Boyle EC, Bishop JL, Grassl GA, Finlay BB. Salmonella: from pathogenesis to therapeutics. J Bacteriol. 
2007;189(5):1489–95.  

    54.    Linam WM, Gerber MA. Changing epidemiology and prevention of Salmonella infections. Pediatr Infect Dis J. 
2007;26(8):747–8.  

    55.    Peques DA, Miller SI. Salmonella species, including Salmonella typhi (Chap. 23). In: Mandell GL, Bennett JE, 
Dolan R, editors. Mandell, Douglas, and Bennett’s principles and practice of infectious disease. 7th ed. Orlando: 
Elsevier; 2009.  

    56.    Abubakar I, Irvine L, Aldus CF, et al. A systematic review of the clinical, public health and cost-effectiveness of 
rapid diagnostic tests for the detection and identi fi cation of bacterial intestinal pathogens in faeces and food. 
Health Technol Assess. 2007;11(36):1–216.  

    57.    Kappeli U, Hachler H, Giezendanner N, Beutin L, Stephan R. Human infections with Non-O157 Shiga toxin-
producing Escherichia coli, Switzerland, 2000–2009. Emerg Infect Dis. 2011;17(2):180–5.  

    58.    Donnenberg MS, Kaper JB. Enteropathogenic Escherichia coli. Infect Immun. 1992;60(10):3953–61.  
    59.    DuPont HL. Travellers’ diarrhoea: contemporary approaches to therapy and prevention. Drugs. 

2006;66(3):303–14.  
    60.    Eisenstein BI, Jones GW. The spectrum of infections and pathogenic mechanisms of Escherichia coli. Adv Intern 

Med. 1988;33:231–52.  
    61.    Khan WA, Dhar U, Salam MA, et al. Central nervous system manifestations of childhood shigellosis: prevalence, 

risk factors, and outcome. Pediatrics. 1999;103(2):E18.  
    62.      Disease Control and Prevention, US Department of Health and Human Services; Nov 2008.  
    63.    Edwards BH. Salmonella and Shigella species. Clin Lab Med. 1999;19(3):469–87.  
    64.    Gomez HF, Cleary TG. Shigella species. In: Long SS, Pickering LK, Prober CG, editors. Principles and practice 

of pediatric infectious diseases. New York: Churchill Livingstone; 1997. p. 429–34.  
    65.    Niyogi SK. Shigellosis. J Microbiol. 2005;43(2):133–43.  



14310 Dietary Methods to Treat Acute Gastroenteritis

    66.    Ochoa TJ, Cleary TG. Shigella. In: Kliegman RM, Behrman RE, Jenson HB, Stanton BF, editors. Nelson textbook 
of paediatrics. 18th ed. Philadelphia, PA: Saunders Elsevier; 2007. p. 1191–3.  

    67.    Sonjai K, Soisangwan R, Sakolvaree Y, Kurazono H, Chongsa-nguan M, Tapchaisri P, Mahakunkijcharoen Y, 
Nair GB, Hayashi H, Chaicumpa W. Validation of salmonellosis and shigellosis diagnostic test kits at a provincial 
hospital in Thailand. Asian Pac J Allergy Immunol. 2001;19(2):115–27.  

    68.    American Academy of Pediatrics. Cholera (Vibrio cholerae). In: Pickering LK, editor. Red Book: 2009 Report of 
the committee on infectious diseases. 28th ed. American Academy of Pediatrics: Elk Grove Village, IL; 2009. p. 
727–9.  

    69.    Centers for Disease Control and Prevention (CDC). Vibrio illnesses after Hurricane Katrina–multiple states. 
MMWR Morb Mortal Wkly Rep. 2005;54(37):928–31.  

    70.    Olsen SJ, MacKinnon LC, Goulding JS, Bean NH, Slutsker L. Surveillance for foodborne-disease outbreaks–
United States, 1993–1997. MMWR CDC Surveill Summ. 2000;49(1):1–62.  

    71.    Brennt CE, Wright AC, Dutta SK. Growth of Vibrio vulni fi cus in serum from alcoholics: association with high 
transferrin iron saturation. J Infect Dis. 1991;164(5):1030–2.  

    72.    Hor LI, Chang TT, Wang ST. Survival of Vibrio vulni fi cus in whole blood from patients with chronic liver dis-
eases: association with phagocytosis by neutrophils and serum ferritin levels. J Infect Dis. 1999;179(1):275–8.  

    73.    Miyoshi S, Nakazawa H, Kawata K, Tomochika K, Tobe K, Shinoda S. Characterization of the hemorrhagic reac-
tion caused by Vibrio vulni fi cus metalloprotease, a member of the thermolysin family. Infect Immun. 
1998;66(10):4851–5.  

    74.    Mead PS, Slutsker L, Dietz V, McCaig LF, Bresee JS, Shapiro C, et al. Food-related illness and death in the 
United States. Emerg Infect Dis. 1999;5(5):607–25.  

    75.    Morris JG, Black RE. Cholera and other vibrioses in the United States. N Engl J Med. 1985;312(6):343–50.  
    76.    Daniels NA, MacKinnon L, Bishop R. Vibrio parahaemolyticus infections in the United States, 1973–1998. 

J Infect Dis. 2000;181(5):1661–6.  
    77.    Shapiro RL, Altekruse S, Hutwagner L. The role of Gulf Coast oysters harvested in warmer months in Vibrio 

vulni fi cus infections in the United States, 1988–1996. Vibrio Working Group. J Infect Dis Sep. 
1998;178(3):752–9.  

    78.    Anand RG, Lopez FA, deBoisblanc B. Vibrio vulni fi cus sepsis successfully treated with antibiotics, surgical 
debridement, and recombinant human activated protein C. J La State Med Soc. 2004;156(3):130–3; quiz 133.  

    79.    Helms M, Simonsen J, Mølbak K. Foodborne bacterial infection and hospitalization: a registry-based study. Clin 
Infect Dis. 2006;42(4):498–506.  

    80.    Zheng H, Sun Y, Lin S, Mao Z, Jiang B. Yersinia enterocolitica infection in diarrheal patients. Eur J Clin 
Microbiol Infect Dis. 2008;27(8):741–52.  

    81.    Young VB, Falkow S, Schoolnik GK. The invasin protein of Yersinia enterocolitica: internalization of invasin-
bearing bacteria by eukaryotic cells is associated with reorganization of the cytoskeleton. J Cell Biol. 
1992;116(1):197–207.  

    82.    Handley SA, Newberry RD, Miller VL. Yersinia enterocolitica invasin-dependent and invasin-independent 
mechanisms of systemic dissemination. Infect Immun. 2005;73(12):8453–5.  

    83.    Bradford WD, Noce PS, Gutman LT. Pathologic features of enteric infection with Yersinia enterocolitica. Arch 
Pathol. 1974;98(1):17–22.  

    84.    Cover TL, Aber RC. Yersinia enterocolitica. N Engl J Med. 1989;321(1):16–24.  
    85.    Guerrant RL, Van Gilder T, Steiner TS, et al. Practice guidelines for the management of infectious diarrhea. Clin 

Infect Dis. 2001;32(3):331–51.  
    86.    Nylund CM, Goudie A, Garza JM, Fairbrother G, Cohen MB. Clostridium dif fi cile infection in hospitalized chil-

dren in the United States. Arch Pediatr Adolesc Med. 2011;165(5):451–7.  
    87.    Cleary RK. Clostridium dif fi cile-associated diarrhea and colitis: clinical manifestations, diagnosis, and treatment. 

Dis Colon Rectum. 1998;41(11):1435–49.  
    88.    Starr J. Clostridium dif fi cile associated diarrhoea: diagnosis and treatment. BMJ. 2005;331(7515):498–501.  
    89.    Poxton IR, McCoubrey J, Blair G. The pathogenicity of  Clostridium dif fi cile . Clin Microbiol Infect. 2001;7:421–7. 

doi:  10.1046/j.1198-743x.2001.00287.x    .  
    90.    Yoder JS, Harral C, Beach MJ. Giardiasis surveillance-United States, 2006–2008. MMWR Surveill Summ. 

2010;59(6):15–25.  
    91.    Thompson RC. Giardiasis as a re-emerging infectious disease and its zoonotic potential. Int J Parasitol. 

2000;30(12–13):1259–67.  
    92.    Welch TP. Risk of giardiasis from consumption of wilderness water in North America: a systematic review of 

epidemiologic data. Int J Infect Dis. 2000;4(2):100–3.  
    93.    Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, Jones JL, Grif fi n PM. Foodborne ill-

ness acquired in the United States–major pathogens. Emerg Infect Dis. 2011;17(1):7–15.  
    94.    Ravdin JI. Amebiasis. Clin Infect Dis. 1995;20:1453–66.  

http://dx.doi.org/10.1046/j.1198-743x.2001.00287.x


144 S. del Castillo and K. Catton

    95.    Sturchler D. Parasitic diseases of the small intestinal tract. Baillieres Clin Gastroenterol. 1987;1:397–424.  
    96.    Stauffer W, Ravdin JI. Entamoeba histolytica: an update. Curr Opin Infect Dis. 2003;16:479–85.  
    97.    Segarra-Newnham M. Manifestations, diagnosis, and treatment of Strongyloides stercoralis infection. Ann 

Pharmacother. 2007;41(12):1992–2001.  
    98.    Ardiç N. An overview of Strongyloides stercoralis and its infections. Mikrobiyol Bul. 2009;43(1):169–77 

(Review. Turkish).  
    99.    Siddiqui AA, Berk SL. Diagnosis of Strongyloides stercoralis infection. Clin Infect Dis. 2001;33(7):1040–7.  
    100.    Tanowitz HB, Weiss LM, Wittner M. Diagnosis and treatment of common intestinal helminths. II: Common 

intestinal nematodes. Gastroenterologist. 1994;2(1):39–49.  
    101.    Albano F, Lo Vecchio A, Guarino A. The applicability and ef fi cacy of guidelines for the management of acute 

gastroenteritis in outpatient children: a  fi eld-reandomized trial on primary care pediatricians. J Pediatr. 
2010;156(2):226–30.  

    102.    Duggan C, Refat M, Hashem M, Wolff M, Fayad I, Santosham M. How valid are clinical signs of dehydration in 
infants? J Pediatr Gastroenterol Nutr. 1996;22:56–61.  

    103.    Duggan C, Nurko S. Feeding the gut: the scienti fi c basis for continued enteral nutrition during acute diarrhea. 
J Pediatr. 1997;131:801–8.  

    104.    Sandhu BK, European Society of Paediatric Gastroenterology, Hepatology and Nutrition Working Group on 
Acute Diarrhoea. Rationale for early feeding in childhood gastroenteritis. J Pediatr Gastroenterol Nutr. 
2001;33(Suppl2):S13–6.  

    105.    Nager AL, Wang VJ. Comparison of nasogastric and intravenous methods of rehydration in pediatric patients with 
acute dehydration. Pediatrics. 2002;109:566–72.  

    106.    Ho MS, Glass RI, Pinsky PF. Diarrheal deaths in American children. Are they preventable? JAMA. 
1988;260:3281–5.  

    107.    Adrogue HJ, Madias NE. Hypernatremia. N Engl J Med. 2000;342(20):1493–9.  
    108.    Brown KH, Peerson J, Fontaine O. Use of nonhuman milks in the dietary management of young children with 

acute diarrhea: a meta-analysis of clinical trials. Pediatrics. 1994;93:17–27.  
    109.    Burks AW, Vanderhoof JA, Mehra S, Ostrom KM, Baggs G. Randomized clinical trial of soy formula with and 

without added  fi ber in antibiotic-induced diarrhea. J Pediatr. 2001;139:578–82.  
    110.    Isolauri E, Juntunen M, Wiren S, Vuorined P, Koivula T. Intestinal permeability changes in acute gastroenteritis: 

effects of clinical factors and nutritional management. J Pediatr Gastroenterol Nutr. 1989;8:466–73.  
    111.    Sachdev HP, Mittal NK, Mittal SK, Yadav H. A controlled trial on utility of oral zinc supplementation in acute 

dehydrating diarrhea in infants. J Pediatr Gastroenterol Nutr. 1988;7:877–81.  
    112.    Strand TA, Chandyo RK, Bahl R, et al. Effectiveness and ef fi cacy of zinc for the treatment of acute diarrhea in 

young children. Pediatrics. 2002;109:898–9003.  
    113.    Penny ME, Peerson JM, Marin RM, et al. Randomized, community-based trial of the effect of zinc supplementa-

tion, with and without other micronutrients, on the duration of persistent childhood diarrhea in Lima, Peru. J 
Pediatr. 1999;135(2 Pt 1):208–17.  

    114.    Bahl R, Bhandari N, Saksena M, et al. Ef fi cacy of zinc-forti fi ed oral rehydration solution in 6- to- 35month-old 
children with acute diarrhea. J Pediatr. 2002;141:677–82.  

    115.    Gibson GR, Roberfroid MB. Dietary modulation of the human colonic microbiota: introducing the concept of 
prebiotics. J Nutr. 1995;125:1401–12.  

    116.    Vanderhoof JA, Young RJ. Use of probiotics in childhood gastrointestinal disorders. J Pediatr Gastroenterol Nutr. 
1998;27:323–32.  

    117.    Guandalini S, Pensabene L, Zikri MA, et al. Lactobacillus GG administered in oral rehydration solution to chil-
dren with acute diarrhea: a multicenter European trial. J Pediatr Gastroenterol Nutr. 2000;30:54–60.  

    118.    D’Souza AL, Rajkumar C, Cooke J, Bupitt CJ. Probiotics in prevention of antibiotic associated diarrhea: meta-
analysis. BMJ. 2002;324:1361–6.  

    119.    Duggan C, Penny ME, Hibberd P, et al. Oligofructose-supplemented infant cereal: 2 randomized, blinded, com-
munity-based trials in Peruvian infants. Am J Clin Nutr. 2003;77:937–42.  

    120.    Gilger MA. Pathogenesis of acute diarrhea in children. In: Basow DS, editor. UpToDate. UpToDate: Waltham; 2011.  
    121.    Fleisher GR. Evaluation of diarrhea in children. In: Basow DS, editor. UpToDate. Waltham: UpToDate; 2011.  
    122.    Matson DO. Epidemiology, pathogenesis, clinical presentation and diagnosis of viral gastroenteritis in children. 

In: Basow DS, editor. UpToDate. Waltham: UpToDate; 2011.  
    123.    Duggan C, Santosham M, Glass RI. The management of acute diarrhea in children: oral rehydration, maintenance, 

and nutritional therapy. MMWR Recomm Rep. 1992;41(No. RR-16):1–20.  
    124.   World Health Organization. The treatment of diarrhoea; a manual for physicians and other senior health workers. 

Geneva: World Health Organization; 1995. Available at   http://www.who.int/child-adolescent-health/New_
Publications/CHILD_HEALTH/WHO.CDR.95.3.htm      

    125.    Tarr PI, Gordon CA, Chandler WL. Shiga-toxin-producing Escherichia coli and haemolytic uraemic syndrome. 
Lancet. 2005;365(9464):1073–86.    

http://www.who.int/child-adolescent-health/New_Publications/CHILD_HEALTH/WHO.CDR.95.3.htm
http://www.who.int/child-adolescent-health/New_Publications/CHILD_HEALTH/WHO.CDR.95.3.htm


145R.R. Watson et al. (eds.), Nutrition in Infancy: Volume 2, Nutrition and Health,
DOI 10.1007/978-1-62703-254-4_11, © Springer Science+Business Media New York 2013

                          M.  A.   Selimoğlu ,  M.D.   (*)
     Division of Gastroenterology, Hepatology, and Nutrition, Department of Pediatrics ,  İnönü University ,
  44280   Malatya ,  Turkey   
 e-mail:  ayseselimoglu@hotmail.com   

      Key Points 

    The most important preventive factor for celiac disease development is the breastfeeding.  • 
  Introduction of small amounts of gluten during the fourth to sixth month of age, while the infant is • 
still breastfed should be encouraged.  
  Although novel therapies are under investigation, a lifelong gluten-free diet is the only effective • 
and reliable treatment at present.     

  Keywords   Micronutrient supplementation  •  Celiac disease  •  Breast milk  •  Gluten-free diet  

 Celiac disease (CD) is the most common malabsorption in the world, and is a major healthcare issue. 
It is an immune-mediated gluten-dependent enteropathy, which has a wide range of clinical manifes-
tations and variable severity. It is triggered by the ingestion of gluten, which is found in wheat, rye, 
and barley, in genetically susceptible individuals. While typical clinical manifestations of CD include 
failure to thrive, chronic diarrhea, and anemia, a signi fi cant proportion of patients present with atypi-
cal symptoms, such as skin lesions, isolated hypertransaminasemia, dental or neurological problems 
 [  1–  3  ] . A changing pattern in the presentation of pediatric CD, such as a more frequent diagnosis in 
older children, mostly presents with atypical symptoms, is reported  [  4  ] . Typical (classical) CD is more 
common in younger children (mainly between 6 and 18 months of age) and frequently is associated 
with more severe intestinal injury  [  5  ] . 

 As the treatment of such a prevalent disorder costs much and is restrictive, prevention is a 
better strategy. Although no treatment modality other than a gluten-free diet (GFD) is practically 
available in CD, it is promising to see increasing numbers of studies focused on the novel treat-
ment efforts. 

    Chapter 11   
 Celiac Disease in Infants: Prevention 
and Dietary Treatment       

                 Mukadder   Ayşe   Selimoğlu            
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   Prevention 

 Cessation of breastfeeding (BF) before the introduction of gluten, consumption of high amounts of 
gluten, and early introduction of gluten-containing foods into the diet of the infants are proposed 
hypotheses in the development of CD. “The Swedish epidemics of CD,” where annual incidence rate 
in children below 2 years of age increased fourfold in 1980s lasting for a nearly decade with an abrupt 
decline beginning in 1995, is an important phenomenon suggesting the importance of BF in the pre-
vention of CD  [  6  ] . The differences between high and low incidence periods were reported as doubled 
BF rates and decreased  fl our consumption  [  6  ] . Postponement of gluten introduction from fourth to 
sixth month, and introduction of gluten in smaller amounts from fourth months of age, while the child 
is still being breastfed, suggested by two national recommendations, worth mentioning in respect with 
the decreased incidence of CD in the following years  [  6  ] . 

 BF duration is another subject of interest; studies showed that BF duration less than 90 days and 
30 days increased the risk of developing CD 5 and 4 times, respectively  [  7,   8  ] . BF more than 2 months 
decreased the risk by 63 %  [  9  ] . Mean BF duration of children with CD was reported to be shorter than 
that of healthy children  [  10  ] . However, The Diabetes Autoimmunity Study in the Young (DAISY) 
project did not provide evidence on the protective role of prolonged breastfeeding, may be due to the 
fact that the study was conducted on high risk children  [  11,   12  ] . 

 It seems that BF has an independent protective effect against CD if the infants are breastfed at the 
time when gluten-containing foods were introduced  [  10  ] . In a meta-analysis, it was shown that chil-
dren being breastfed at the time of gluten introduction had 52 % reduction in CD risk  [  13  ] . From 
another perspective, a higher chance of developing CD was seen in babies who were not given gluten 
when weaned off breast milk  [  14  ] . 

 It was estimated that if all babies were breastfed in the UK at the time of gluten introduction, more 
than 2,500 cases of CD per year would be prevented  [  14  ] . 

 It was also suggested that BF affects the presentation of CD; in exclusively breastfed children, 
symptomatic CD developed later and they had lower rates of failure to thrive and short stature  [  15  ] . 
Interestingly, in another study, children breastfed at the time of gluten introduction were just as likely 
to develop intestinal as extra-intestinal symptoms, whereas children who were not breastfed when 
weaned with gluten had a much higher chance of showing intestinal symptoms  [  12  ] . 

 How BF protects infants from CD development is unclear although prevention via decreased gas-
trointestinal infections and limited consumption of gluten due to BF are suggested mechanisms  [  13  ] . 
Breast milk IgA antibodies may diminish immune response to gluten in addition to the T-cell speci fi c 
suppressive effect of human milk  [  16  ] . 

 Scandinavian paradox is another prompting phenomenon for the investigation of CD pathogenesis. 
In comparison to CD rates in Sweden, the rates in Estonia were found lower, possibly re fl ecting the 
later and decreased dietary exposure of Estonian infants to gluten as compared with Swedish infants 
 [  17,   18  ] . In an epidemiologic study, it was shown that children with CD consumed larger amounts of 
 fl our compared with others  [  10  ] . The difference in the incidence of CD between Northern and Southern 
India, where wheat and rice, respectively, are the staple foods further suggested that the amount of 
gluten is an important factor in the development of CD  [  19  ] . 

 Both early (<3 months after birth) and late (>7 months after birth) introduction of gluten increased 
the risk of CD autoimmunity, which was de fi ned as positive tissue transglutaminase antibody (tTG Ab) 
on two or more consecutive visits or a positive tTG Ab and a small bowel biopsy consistent with CD 
 [  11  ] . That conclusion was drawn from a 10-year observational study that investigated the age at  fi rst 
introduction of gluten-containing cereals in large series at risk of CD or type 1 diabetes in relation to the 
subsequent risk of developing CD autoimmunity  [  11  ] . In the mentioned study, children exposed to glu-
ten in the  fi rst 3 months of age had a  fi vefold increased risk of CD autoimmunity compared to those 
exposed at 4–6 months  [  11  ] . Furthermore, those who received gluten for the  fi rst time at 7 months of 
age or after showed a slightly increased hazard ratio compared with those exposed at 4–6 months  [  11  ] . 
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 A suggested preventive measure other than BF and appropriate timing of gluten is the gastrointestinal 
infections, which might increase gut permeability leading to increased antigen penetration and may 
drive the immune system toward a T-helper 1-type response typical for CD  [  20  ] . Rotavirus was 
suggested as a triggering agent because frequent rotavirus infections predicted a higher risk of CD 
autoimmunity, and hence rotavirus vaccination was suggested as a preventive measure  [  21,   22  ] . 

 Difference between microbiota and, as a result, short chain fatty acid composition in intestinal tract 
of children with or without CD suggested a potential role of gut microbiota in CD  [  23,   24  ] . This is 
relevant to BF practices however needs comprehensive studies. 

 As a conclusion, the duration of BF, BF when gluten is introduced into the diet, age at gluten intro-
duction, and amount of gluten in diet are considered as potential factors in fl uencing incidence and age 
at onset of CD. The European Society for Pediatric Gastroenterology, Hepatology and Nutrition 
(ESPGHAN) Committee recommended avoidance of both early (<4 months) and late (>7 months) 
introduction of gluten and introduction of small amounts of gluten gradually while the child is still 
breastfed  [  25  ] . It is believed that BF during that window phase contributes to the modulation of 
mucosal immune response and maturation of the gastrointestinal system  [  12  ] .  

   Treatment 

   History 

 Samuel Gee, modern-day describer of the disease in 1888, could not  fi nd the cause of CD but thought 
it should be diet, which would cure the disease. He considered milk, highly starched foods, rice, sago, 
fruits, and vegetables as unsafe, and recommended raw meat, bread, and mussels, at that time. In 
1908, Christian Archibald Herter noted that fat was better tolerated than carbohydrate in his book on 
children with CD. Sydney Haas reported positive effects of a diet of bananas in 1924, and excluded 
bread, crackers, cereals, and potatoes in that diet, probably unintentionally. This dietary treatment was 
applied to children with CD during Second World War years. Willem Dicke who observed clinical 
improvement of his patients during the time period, in which  fl our was sparse due to war, and relapse 
of the disease after Swedish planes dropped bread into the Netherlands accused wheat of being the 
cause of CD in the 1940s  [  26  ] . In 1950, Dicke established that exclusion of wheat, rye, and oats from 
the diet led to dramatic improvement. The toxicity was then shown to be due to a protein component, 
referred to as gluten  [  27  ] .  

   Gluten-Free Diet 

 A lifelong strict GFD has been the cornerstone treatment for CD since then  [  28  ] . A lifelong GFD is a 
well-tolerated therapy that improves health and quality of life in the vast majority of patients with CD, 
even in those with minimal symptoms. However, it has a large number of restrictions on the patients 
through social and  fi nancial implications. In addition to restrictive nature, palatability, insuf fi cient 
education, and misinformation, variations in food labeling and possible cross contamination are the 
causes of non-adherence to diet  [  29  ] . 

 It is very important at the beginning of the diagnosis to ensure parents of infants with CD, to which 
foods are allowed and which are not. It is very important to give details of the diet beginning with 
common foods however; foods that may be consumed occasionally should be mentioned in respect 
with their gluten content, as well. Although infants consume a more limited diet, concern of the par-
ents that “a limited diet is an unhealthy diet” may lead them to try more foods than needed. Therefore, 
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it is critical that all parents ensure that each product is gluten-free by carefully reading food labels. 
Lists of gluten-containing and gluten-free foods should be provided. 

 Gluten-free foods must be stored and prepared separately, cooking and serving utensils must be 
cleaned carefully prior to use  [  29  ] . 

 Gluten-free products are easily available in developed countries, albeit at a greater expense than 
gluten-containing foods  [  29  ] . In developing world, corn  fl our/starch, potato  fl our/starch, tapioca  fl our/
starch, and rice  fl our are commonly used for gluten-free baking. Amaranth, arrowroot, bean  fl ours, 
buckwheat,  fl ax seed, millet, nut  fl our, pea’s  fl our, quinoa, rice, sago, sorghum  fl our, soy  fl our, and teff 
are other allowed gluten-free foods  [  29  ] . Although meat, milk and fresh fruits and vegetables are safe, 
toasted, and fried dried fruits, especially if they contain salt, jellies, sweet and fruit purees, and mar-
garines containing  fi ber are not gluten-free  [  30  ] . 

 The availability of gluten-free foods increases a patient’s food choices and improves diet variety 
while allowing patients and parents to feel “normal” when eating among their peers  [  29  ] . It should be 
kept in mind that gluten-free products might be high in fat and calories, a strategy to enhance the 
acceptability of those foods  [  29,   31,   32  ] . Furthermore, it was found that many gluten-free cereal prod-
ucts contain inferior amounts of thiamin, ribo fl avin, niacin, folate, and iron compared with the 
enriched wheat products that they are intended to replace  [  29  ] . 

 Gluten contamination in gluten-free products cannot be totally avoided  [  29  ] . The accepted de fi nition 
for “gluten-free” of the Codex Committee on Nutrition and Foods for Special Dietary Uses is as fol-
lows: “gluten-free foods should not contain gluten higher than 20 mg/kg in total.” Some authors pro-
pose 100 mg/kg as a safe limit for gluten-free foods  [  33  ] . In a multicenter, double blind, 
placebo-controlled, randomized trial in adults revealed that the ingestion of gluten should be kept 
lower than 50 mg/day in the treatment of CD  [  34  ] . Collin et al.  [  35  ]  found that 30 mg/day gluten 
intake did not harm CD mucosa in the long-term. The individual variability should also be kept in 
mind  [  33,   34  ] . There is not any speci fi c study on infants investigating the threshold of gluten intake.  

   Oats 

 Oats are considered safe for patients with CD unless contaminated by gluten. A study showed that 
long-term consumption of oats is well tolerated by children with CD in remission  [  36  ] . In a systematic 
review, it was shown that 1 of 165 patients was diagnosed to have histological damage due to oat 
consumption  [  37  ] . Although there is now evidence suggesting oats lacking toxicity for patients with 
CD, there is a small subset of patients who do not tolerate oats, bloating and abdominal discomfort 
being the main complaints  [  38  ] . As the contamination of oats by gluten is not rare  [  39  ] , oats consump-
tion allowance after remission with a strict GFD, so that possible adverse reactions can be readily 
identi fi ed, and recommendations by national societies in respect with oats consumption may make 
sense. Another issue that warrants further investigations is related to the great heterogeneity of oats 
cultivars; more studies are needed to assess possible different in vivo toxicities of different oats culti-
vars for patients with CD  [  37  ] . Oats up to 20–25 g/day for children can be consumed.  

   Lactose Intolerance 

 Secondary lactose intolerance resulting from decreased lactase production by the damaged villi is com-
mon, especially in infants  [  29  ] . In many cases, lactose intolerance resolves naturally with time on the 
GFD, however, a lactose-free diet is indicated, especially in infants, if symptoms of lactose intolerance, 
such as watery diarrhea, bloating, diaper dermatitis, or persistent diarrhea despite GFD, exist.  
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   Malnutrition 

 In classical CD, malnutrition is not rare. Degree of malnutrition can be determined by a comprehensive 
nutritional assessment. Nutritional treatment of those infants is planned in accordance with general rules 
for malnutrition, except allowance of gluten-containing foods. Higher nutrient needs because of intesti-
nal loss should be kept in mind however; in severe malnutrition, avoidance of refeeding syndrome due 
to excessive nutrient supplementation at the beginning is critical. Enteral nutrition support with formu-
las including medium-chain triglycerides, oligopeptides, and/or amino acids is recommended  [  30  ] .  

   Micronutrient Supplementation 

 Iron-de fi ciency anemia in CD is common and is reportedly higher in patients with long-standing, 
untreated disease  [  29  ] . Although folate and cobalamin de fi ciencies are known complications of CD, 
the most common nutritional anemia is associated with iron de fi ciency. Treatment with a GFD without 
iron medication usually eliminates iron de fi ciency  [  40  ] . However, in a pediatric study, it was shown 
that in children with CD, iron-de fi ciency state continues for a longer time even after excluding gluten 
from the diet and iron supplementation  [  41  ] . It was suggested that apart from offering them GFD rich 
in iron, early iron supplementation would contribute to their mental and psychomotor functions  [  41  ] . 
If iron supplements are required, it could be advisable to keep using them for up to 6 months after 
beginning the GFD, the minimum period to normalize the intestinal anatomy  [  30  ] . In any case, supple-
ments should be administered with foods rich in vitamin C to optimize their dosage  [  30  ] . 

 De fi ciency of folate and vitamin B12 needs supplementation  [  29  ] . Fat-soluble vitamin de fi ciencies, 
especially vitamin K de fi ciency, may be encountered in patients with classic malabsorption; when 
detected they should be repleted  [  29  ] . 

 Calcium, phosphorus, and vitamin D de fi ciencies may occur due to malabsorption or a lactose-free 
diet when applied. D vitamin de fi ciency may become evident after acceleration of growth; thus even 
though there is not any manifestation of rickets at the time of diagnosis; infants should be examined 
from that perspective at every visit. Adequate dietary intake of calcium and vitamin D supplementa-
tion is essential in infancy. 

 Patients with CD have been reported to be de fi cient in vitamin B6, copper, selenium, and zinc, 
however, screening and supplementation is not recommended because these de fi ciencies reverse rap-
idly once patients start following a GFD  [  30  ] .  

   Adherence to Diet and Follow-Up 

 Reassessment of the diet at each visit with the help of an experienced dietician is a noninvasive and 
simple way to ensure GFD compliance. The complete resolution of symptoms in the previously symp-
tomatic child is a strong supportive evidence that the patient is adhering to diet treatment  [  42  ] . Failure 
of the tissue transglutaminase antibody level to decline over a period of 6 months after starting the 
GFD suggests continued ingestion of gluten or related products  [  42,   43  ] . Duodenal biopsy is the gold 
standard to determine the response to GFD, however, at present a follow-up biopsy is not indicated for 
those who are clinically recovered. 

 Parents have a very important impact on maintaining a strict GFD in infants. 
 Treatment of children with CD aims to relieve symptoms, heal the intestine, and reverse the conse-

quences of malabsorption  [  44  ] . It was reported that 70 % of patients reported an improvement in 
symptoms within 2 weeks of initiating the GFD  [  45  ] . While growth and development in children 
returns to normal with GFD, even obesity may develop  [  46  ] .  
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   Novel Non-dietary Treatments 

 Despite its harmlessness, the restrictive nature of a strict GFD induced new investigations aiming for 
easier and more comfortable treatment modalities. These alternative treatments should be as safe and 
ef fi cient as GFD, and should lead an increased quality of life with a high compliance. At present, there 
are several options that are being investigated such as enzyme supplementation, correction of the 
intestinal barrier defect against gluten entry, blocking of gliadin presentation by HLA blockers and 
tissue transglutaminase inhibitors, cytokines, and anticytokines, modi fi ed gluten peptides, and stem 
cell transplantation  [  47  ] .   

   Conclusions 

 The most important preventive strategies include the encouragement of BF and the introduction of 
small amounts of gluten during the fourth to sixth month of age. The most reliable treatment of CD 
remains the GFD. However, lifelong dietary restriction of gluten has many dif fi culties both socially 
and medically. Avoiding gluten completely is nearly impossible as it is widely used in many food 
products and contamination is common. In an effort to circumvent some of these problems, newer 
prevention and treatment strategies are being investigated.      
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      Key Points 

    Nutrition is a critical component in the multifaceted approach to infants with intestinal failure.  • 
  Nutritional management in intestinal failure is considered both supportive and therapeutic.  • 
  The ability to adequately assess growth is essential in the nutritional management of infants with • 
intestinal failure due to the negative effects of both under- and over-nutrition.  
  While there are multiple pathways to attempt intestinal rehabilitation, the overall goal in therapy is • 
the attainment of oral autonomy.  
  When accounting for the overall differences in short term vs. chronic administration, parenteral • 
nutrition can generally be delivered safely while minimizing complications such as parenteral 
nutrition associated liver disease.     

  Keywords   Intestinal failure  •  Enteral nutrition  •  Oral autonomy  •  Parenteral nutrition  •  Parenteral 
nutrition associated liver disease  

   Introduction 

 Perhaps in no other pathophysiological state in infancy are the tenets of nutritional management more 
thought provoking as they are in intestinal failure therapy. Intestinal failure is the critical reduction of 
functional gut mass below the minimal amount necessary for adequate digestion and absorption to 
satisfy body nutrient and  fl uid requirements in adults or growth in children  [  1  ] . This de fi nition implies 
an absolute requirement for parenteral nutrition in order to sustain viability. The unique aspects of 
management in this population of patients is derived from the variability of individual physiologic 
states, the chronicity in which parenteral nutrition must be administered, the therapeutic implications 
of enteral nutrients, and the complications directly linked to nutritional therapy. The goal of this chap-
ter is to outline the nutritional aspects of intestinal failure management highlighting the speci fi c 
aspects that make it such a challenging condition.  

    Chapter 12   
 The Nutritional Aspects of Intestinal Failure Therapy       

      Jeffrey   A.   Rudolph            
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   Intestinal Failure in the Pediatric Patient 

 Critical to understanding intestinal failure as a distinct entity is the concept that it is a functional, not 
anatomical diagnosis. Classically, the short gut syndrome, an anatomical reduction of gut mass sec-
ondary to conditions such as necrotizing enterocolitis, complicated gastroschisis, atresia, volvulus, or 
any combination of these and other entities continue to make up the majority of the intestinal failure 
population  [  2  ] . The nutritional needs of this population, especially pertaining to  fl uids and electro-
lytes, are dependent upon factors such as the length of resection  [  3,   4  ] , the site where the resection 
occurred and the reestablishment of continuity with the colon  [  4  ] , and the motility of the remaining 
intestine. Complicating the picture further are patients in which the predicted gut length should be 
suf fi cient to maintain enteral tolerance but cannot, as in motility disorders such as long segment agan-
glionosis or pseudo-obstruction syndromes. Finally, the congenital enteropathies in which an inherent 
defect in intestinal mucosa function cannot maintain viability without parenteral nutrition support are 
yet another unique subgroup within the intestinal failure population. 

 The overall goal of intestinal failure therapy, termed intestinal rehabilitation, is the attainment of 
oral autonomy. In cases where intestinal failure is irreversible, the goal shifts to a supportive one by 
maintaining  fl uid, electrolyte, and nutritional requirements inde fi nitely or until a more de fi nitive cor-
rective measure such as small bowel transplantation is employed. The care of infants with intestinal 
failure crosses over many disciplines and often requires contributions of multiple care teams (Fig.  12.1 ). 
Of these, nutritional management plays a major role.   

   Growth in Intestinal Failure 

 Satisfactory growth is a requisite goal in any nutritional management strategy for infants and children. 
Growth is routinely assessed against standard anthropometric data such as the World Health 
Organization (WHO) and Centers for Disease Control (CDC) growth charts. While these data sources 
have proven invaluable in the assessment of normal infant and childhood growth, there has been rec-
ognition of their limitations in children with speci fi c conditions such as very low birth weight infants 
 [  5  ] , trisomy 21  [  6  ] , and a number of other clinical diagnoses. The establishment of a consensus for 

  Fig. 12.1    Examples of the multidisciplinary therapies involved in intestinal failure management       
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ideal growth in children with intestinal failure is problematic in that it represents a unique population 
without standardized data in which to compare individuals against a norm. 

 The long term effect of short gut syndrome on growth is controversial with some reports suggest-
ing a normal height and weight in patients that have weaned from TPN  [  3,   7  ]  while others have noted 
a decreased weight for age and height for age in a similar population  [  8  ] . Thus, there is a lack of clar-
ity with regards to the long term expectations of children with regard to growth in intestinal failure. 
Secondly, the calories provided in parenteral nutrition is an iatrogenic variable in which weight gain 
can be imposed to differing degrees, thereby providing the practitioner an opportunity to “ fi t” the 
child to a growth curve. The consequences of potential over-nutrition through TPN can be a potential 
nidus for the development of complications, such as parenteral nutrition associated liver disease. 
Therefore the assessment of growth through charts developed for healthy infants can be limited. 

 Despite the lack of information on standardized growth of children with intestinal failure, the criti-
cal component in measuring growth is that of continued and consistent weight gain over time. The use 
of weight for height measurements may prove to be most useful as it implies symmetrical growth over 
time. The estimated caloric needs in intestinal failure are generally derived by monitoring growth. 
Oftentimes, in infants maintained exclusively on TPN, the caloric need is less than in orally fed 
infants as it is not dependent upon intestinal absorption. In patients with an enteral contribution, over-
all caloric administration is greater than that in oral fed infants alone due to malabsorption. All nutri-
tional therapy in intestinal failure must be achieved through the diligent monitoring of growth and the 
provision of adequate calories to maintain growth.  

   Enteral Feeding Therapy 

 In intestinal failure, enteral feeding is unique in that it provides both nutritional support and serves as 
primary therapy in the rehabilitative process. The variability in the types, amounts, and routes of feed-
ing, along with a lack of a uni fi ed, evidenced-based approach to feeding makes this aspect of care one 
of the most challenging and complex aspects of intestinal rehabilitation. 

   Therapeutic Enteral Feeding 

 The physiologic process that drives rehabilitation is termed adaptation in which there is a gradual 
increase in the intestinal absorptive capacity to compensate for the loss of functional gut mass. 
Conceptually, adaptation is largely con fi ned to the anatomical loss of intestine rather than normal 
length dysfunctional bowel, although rarely patients with a full complement of dysfunctional intestine 
may come to realize at least a minimal amount of enteral feeds. The mechanisms underlying adapta-
tion remain elusive but are likely hormonal in nature as demonstrated by early parabiosis models in 
rats  [  9  ] . To date, there have been a number of trials using various single hormonal therapies such as 
epidermal growth factor  [  10  ] , growth hormone and glutamine  [  11,   12  ] , and glucagon like peptide-2 
 [  13  ]  that have met with varied results. The hormonal milieu that occurs during feeding is widespread 
and varied. The ability to recapitulate the hormonal response to oral feeds is a basis for using enteral 
nutrition as a primary promoter of intestinal adaptation. In a small study of infants with chronic diar-
rhea randomized to TPN alone or TPN in combination with continuous enteral feeds, the enteral feed-
ing group had a quicker resolution of symptoms despite similar patterns of growth  [  14  ] . While this is 
not clear evidence of intestinal adaptation in anatomically short gut, it does suggest the bene fi ts of 
feeds on intestinal mucosal function. 

 Enteral feeds can also be viewed as therapeutic with regard to the prevention and or treatment of 
parenteral nutrition associated liver disease (PNALD). PNALD is one of the major morbidities in 
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intestinal failure therapy and thought to be multifactorial, though recent theories have focused on lipid 
administration (see below). Weaning parenteral nutrition as enteral feeds are advanced can potentially 
reverse cholestasis. A plateau effect on bilirubin levels is seen as enteral feeds approach 60 % with 
hyperbilirubinemia resolution roughly 4 months after cessation of TPN  [  15  ] .  

   Enteral Feeding in Intestinal Failure 

 The ultimate goal of intestinal rehabilitation therapy is oral autonomy. To this end, there are multiple 
pathways to transition feeds from total parenteral nutrition to oral autonomy. Parenteral nutrition can 
be weaned as oral feeds increase, as enteral therapy  via  a feeding tube is administered, or often, a 
combination of both (Fig.  12.2 ). The factors determining how feeds are established are often clini-
cian- and patient-dependent. The factors include the presence or absence of an enteral feeding tube, 
gastrointestinal motility, degree of oral aversion, and comorbidity (such as neurological status, risk of 
aspiration, etc.).  

 Strictly speaking from the standpoint of energy balance, continuous feeding appears to result in 
greater nutritional bene fi t. In a randomized cross-over study in adult patients with short gut syndrome, 
the provision of continuous feeds vs. oral feeds alone resulted in greater absorption of calories, pro-
tein, and lipid  [  16  ] . While this has not been studied in children, the implication would suggest an 
increased enteral:parenteral nutrition ratio to the point at which stool output becomes a limiting factor. 
After this point is reached, the process of adaptation will begin to dictate the rate of advancement. 
There is currently no data to suggest whether continuous, bolus, or oral bolus feeds are more likely to 
promote adaptation, although adaptive bene fi ts may be derived from salivary epidermal growth factor 
 [  17  ]  or other hormones when oral feeds are utilized. It is possible that when an enteral tube is available 
for night time feeds a combination of both strategies will provide an optimum balance of nutritional 
therapy and stimulation of adaptation. 

 In addition to the route and method of feeding, the choice of enteral product must be considered. 
Consensus appears to favor breast milk as an optimal choice and has been correlated with a decreased 
time on TPN  [  18  ]  and is a major provider of epidermal growth factor in the neonatal period  [  19  ] . 
When breast milk is not available, the choice of infant formulas can be based upon the balance between 
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  Fig. 12.2    The triad of 
nutritional therapy in 
intestinal failure: 
( a ) transition from TPN to 
oral therapy in absence of 
an enteral feeding tube, 
( b ) advancement to full 
enteral tube feeds prior to 
oral advancement, and 
( c ) a combination of oral 
and enteral feeds as TPN is 
weaned. The risk for 
hepatotoxicity in TPN 
therapy drives therapy 
towards enteral/oral feeds. 
The degree of oral aversion 
limits the capacity to attain 
oral tolerance       
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macronutrient absorption and adaptation. Central to the role of enteral nutrition in adaptation is the 
concept of the functional workload of the enterocytes with more complex nutrients providing greater 
work for digestion and mucosal stimulation  [  20  ] . Studies in rats show enhanced adaptation in using 
disaccharides over monosaccharides  [  21  ] , whole protein over hydrosylate  [  22  ] , and long chained 
triglycerides over medium chained triglycerides  [  23  ] . The provision of more complex formula must 
be balanced by the disadvantages including the osmotic effect produced by a relative dissacharidase 
de fi ciency in resected bowel, exposure to complex proteins and risk of sensitization, and the absorp-
tive capacity of medium chained triglycerides over long chained triglycerides. In practice, protein 
hydrosylate or elemental formulas are most often used, which generally contain simple carbohydrate 
sources and variable fat sources. Despite the low complexity of protein content in elemental formula, 
it has been associated with a decreased time on TPN  [  18  ]  and the ability to advance feeds and wean 
TPN when switched from hydrosylate formulas  [  24  ] . Whether this solely re fl ects the protein composi-
tion or the other components of the formula is currently unknown.  

   Oral Feeds 

 The introduction of oral feeds is important in normal infant oral motor development critical to infancy. 
In contrast to the hyperphagia that commonly affects older children and adults with short gut syn-
drome  [  25  ] , infants with intestinal failure will often exhibit oral aversion  [  26  ] . While the mechanisms 
of oral aversion are not clearly de fi ned, the innate neurophysiological pathways present at birth are 
likely lost without use  [  27  ] . While these can be regained, it is often more dif fi cult as infancy pro-
gresses. This has led to a common practice of oral stimulation as early as possible  [  28  ]  including 
non-nutritive oral stimulation progressing to nutritive stimulation and  fi nally limited oral feeding as 
the clinical situation dictates. 

 Most children with intestinal failure during parenteral nutrition administration as well as after-
wards will rely on formula feeding to provide enteral calories. However, solid feeds are often used as 
a supplemental nutritional source. Solids feeds are advantageous in that they are part of the continuum 
of normal infant feeding and provide psychological bene fi t to parents who are striving for a degree of 
normalcy in a child with a chronic intestinal illness. Solids, if chosen carefully can provide soluble 
 fi ber which can serve physiological bene fi t including water retention and caloric absorption due to 
colonic fermentation into short chain fatty acids and subsequent absorption. There may also be addi-
tional bene fi t in providing a stimulus for mucosal adaptation. Fiber, in some cases can be added to 
formula to derive these bene fi ts. 

 Similar to normal infant feeding, rice cereal with up to 0.5 g soluble  fi ber per 100 g is often the  fi rst 
choice. Often, it is started in small amounts to stimulate oral motor development. As intestinal reha-
bilitation continues, other solid feeds are introduced dictated by stool output. The pattern of introduc-
tion in solid feeds is often different than in normal infant feeding. Oftentimes,  fi ber-rich vegetables 
are  fi rst introduced in small quantities. Green beans have been suggested to decrease stool output in 
short gut syndrome  [  29  ] . Rather than the introduction of fruits which contain varying amounts of 
simple sugars, proteins are often added next. Finally, simple sugars can be introduced in small quanti-
ties. Oftentimes, lactose continues to be avoided due to the relative lactase de fi ciency that occurs with 
short or dysfunctional intestine.   

   Parenteral Nutrition Therapy 

 As the de fi nition of intestinal failure implies, parenteral nutrition forms the foundation of nutritional 
supportive therapy. Many aspects of parenteral nutrition, especially early in the course of intestinal 
failure, conform to the practice of parenteral nutrition administration of any patient. As the diagnosis 
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of intestinal failure develops, differences unfold, especially pertaining to the prevention and/or treat-
ment of parenteral nutrition associated liver disease. 

   Fluid and Electrolyte Management 

 The provision of suf fi cient  fl uid and electrolytes to maintain homeostasis is paramount throughout the 
course of therapy for intestinal failure. Fluid management must account for the basal metabolic expen-
diture of the patient as well as ongoing losses primarily in the form of stool or ostomy output. The 
basal metabolic  fl uid needs of a patient are directly related to the energy expended during normal 
physiologic activities  [  30  ]  and are often estimated using body weight (Holiday-Segar Method) or 
body surface area. Ongoing gastrointestinal losses can be easily calculated when being collected in 
the form of ostomy output, though proves much more dif fi cult when stool is assessed, often mixed 
with urine. An initial estimate of stool: fl uid replacement ratio of 1:1 is a common starting point. It is 
important to realize that both maintenance and replacement requirements are estimates and must be 
continually monitored until an appropriate balance is acquired. Additional  fl uids may be required dur-
ing the replacement of a de fi cit from periods of increased output or metabolic needs. Fluids are often 
managed through TPN to provide the maintenance rate, while additional IVF are given to replace 
output. When output stabilizes, replacement  fl uid can be added to the overall TPN mixture. 

 Similar to  fl uid requirements, electrolytes must account for insensible losses found in sweat and 
urine as well as that in stool  [  30  ]  with sodium requirements approaching 3 mEq/kg/day in infants and 
potassium requirements approximately 2 mEq/kg/day. In general, the ability to keep stool/ostomy 
losses to less than 40 mL/kg/day can prevent electrolyte disturbances  [  26  ] . However, in practice the 
source of the output (gastrostomy, jejunostomy, ileostomy, colon) as well as the overall secretory/
absorptive capacity of the remaining intestine is a major effecter of electrolyte losses thereby dictating 
replacement. It is not uncommon for children with high output stomas to approach 5–6 mEq/kg/day of 
sodium or more. The increased need for sodium in patients with ileostomies, for example, is well docu-
mented  [  31  ]  and may have implications well beyond acute electrolyte management as depletion has 
been suggested to lead to poor weight gain and acidosis  [  32  ] . Hypomagnesemia has also been described 
as a common complication of high output stomas  [  33  ]  and must be monitored closely as it can also lead 
to refractory hypocalcemia likely due to impaired parathyroid function  [  34  ] . Acidosis is a common 
concern due to bicarbonate loss in the stool, especially in infants with proximal stomas. Addition of 
acetate as an additional anion is often considered when designing TPN in infants with intestinal failure. 
De fi ning whether there is a normal anion gap (stool losses) or high anion gap due to an exogenous acid 
production such as  l -lactate in dehydration or  d -lactate with small bowel bacterial overgrowth  [  35  ]  can 
be helpful when deciding on whether or not acetate will be required to maintain electrolyte homeosta-
sis. As intestinal rehabilitation progresses and output slowly declines, a careful periodic assessment of 
electrolytes is essential as the cessation of TPN therapy will also lead to the discontinuation of electro-
lytes and potential electrolyte abnormalities if supplementation is required, but not considered.  

   Vitamins and Trace Elements 

 Vitamins and trace elements commonly referred to as micronutrients, play an important role in the 
management of intestinal failure. De fi ciencies of one or more micronutrients are common in patients 
with intestinal failure while on parenteral nutrition and thereafter  [  36  ] . Fortunately, both water soluble 
and lipid soluble vitamins for parenteral nutrition are available in a pre-mixed form and in most cases 
provide adequate levels when administered daily  [  37  ] . Shortages in vitamins have at times led to the 
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practice of intermittent dosing out of necessity (three times weekly) with some suggestion of subclinical 
but important de fi ciencies (including vitamin C) occurring in adult patients  [  38  ] . Furthermore, in the 
absence of multivitamin administration, speci fi c abnormalities, such as thiamine de fi ciency have been 
described  [  39  ] . Due to light-sensitivity, vitamins must be added separately to TPN admixtures on a 
daily basis to retain potency. When receiving parenteral nutrition chronically and as the sole source of 
nutrition, administration of vitamins is essential. As enteral feeds increase, parenteral vitamins can 
continue to be important in certain situations such as ileal resection (vitamin B12), fat malabsorption, 
or cholestasis (vitamins ADEK) until alternative methods of enteral delivery are achieved. 

 Trace elements, similar to multivitamins are also given in combination and include zinc, chromium, 
manganese, and copper. In patients with large gastrointestinal losses, zinc losses can be signi fi cant 
necessitating replacement. The ability to measure body stores of zinc is somewhat controversial as 
standard serum zinc levels only measure albumin bound zinc  [  26  ] . As copper homeostasis is main-
tained  via  biliary excretion and can accumulate in cholestatic liver disease, it is often decreased or 
omitted in parenteral nutrition as a hepatoprotective measure despite the risk of de fi ciency  [  26,   40  ] . 
Monitoring of copper levels in cholestatic infants receiving standard amounts (20 mcg/kg/day) has not 
been shown to lead to worsening liver disease or toxicity  [  41  ] . Manganese and chromium can also 
accumulate in patients on long term TPN necessitating removal or reduction in TPN. They also are 
often found in trace amounts in standard parenteral  fl uid preparation  [  42,   43  ] . Selenium, not found in 
standard pediatric trace element preparations, is also an essential trace element and de fi ciency has been 
described in infants on TPN  [  44  ] . Carnitine is a conditionally essential amino acid and is often found in 
decreased levels in preterm infants that are parenterally fed. Carnitine plays a role in the oxidation of 
long chain fatty acids and is therefore thought to play a role in the utilization of energy, especially from 
lipids  [  45  ] . While clear evidence of the utility of carnitine supplementation is lacking, it is often supple-
mented in parenteral nutrition, especially when it is the sole source of nutrition. In summary, despite a 
clear understanding of the role of the multiple trace elements added in parenteral nutrition with regard 
to de fi ciencies, toxicity, or in some cases, accurate measurement, there is enough of a concern that 
routine periodic monitoring of trace elements should be strongly considered in patients on TPN. 

 Conspicuously absent in parenteral nutrition formulations is iron due to an increased risk of adverse 
reactions to intravenous preparations. Consequently iron de fi ciency is a common problem in patients 
with intestinal failure in both children  [  36  ]  and adults  [  46  ] . Fortunately, iron is absorbed primarily in 
the proximal intestinal tract increasing the likelihood for absorption if given through the enteral route. 
As long as patients are receiving minimal enteral feeds, enteral iron preparations should be considered 
as tolerated. In those in which oral administration cannot be achieved, the intravenous route can be 
considered.  

   Glucose 

 Glucose is a primary source of energy in parenteral nutrition. The utilization of glucose is dependent 
on its oxidation and exceeding this capacity can lead to inef fi cient use of glucose. Higher glucose infu-
sion rates in parenterally fed children have been demonstrated to increase basal metabolic rate and 
respiratory quotient, leading to less energy available for protein synthesis and growth  [  47  ] . High plasma 
glucose concentrations can lead to hyperinsulinemia stimulating hepatic lipogenesis and acylglycerol 
formation while inhibiting fatty acid oxidation leading to hepatic steatosis  [  48  ] . However, hyperinsu-
linemia does not appear to be a uniform response and some patients appear to have a lower insulin 
secretory response, which may in fact contribute to hyperglycemia  [  49  ] . Glucose that exceeds the abil-
ity to be taken up by cells will ultimately have an osmotic diuretic effect, predisposing to glucosuria 
and dehydration. Thus, despite its importance in the provision of energy, care must be taken not to 
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exceed the limits of usefulness. Most often a glucose infusion rate of 15–16 mg/kg/min is considered a 
maximum for infants. 

 In patients on chronic TPN therapy, there is often a balancing act between providing the essential 
calories needed for growth at glucose infusion rates to provide optimal utilization and cycling the 
TPN. TPN cycling can reduce insulin levels and potentially reduce liver dysfunction  [  40,   48  ]  as well 
as serve psychological bene fi t to patients and their families from being disconnected for part of the 
day. While abrupt cessation of TPN has been associated with a reactive hypoglycemia, the effect is 
not uniform in all patients. Patients under the age of 3 years old do appear to be more susceptible  [  50  ]  
leading to tapering regimens which can allow cycling to occur. When establishing a cycling regimen, 
serial blood glucose measurements can be used to assess for the presence of hypoglycemia.  

   Protein 

 Infants with intestinal failure, similar to all patients on parenteral nutrition require suf fi cient amino 
acids to promote an anabolic state. In the preterm infant protein requirements approach 3–4 g/kg/day 
while older infants require 2–3 g/kg/day  [  51  ] . Addition of cysteine (40 mg/g) is recommended for 
children under 1 year of age as it is conditionally essential. Nonprotein calorie:nitrogen ratios in the 
range of 150 kcal/g N appear to provide optimal utilization of amino acids for protein production. 
Infants with short gut syndrome or intestinal dysfunction may have a component of a protein losing 
enteropathy thereby increasing amino acid needs. Most often, serum albumin measurements are used 
as a surrogate for assessment of protein needs.  

   Lipids 

 Lipids, like glucose, are a primary source of energy in parenteral nutrition therapy. While a very 
ef fi cient source of calories, administration of soy-based lipid emulsions have been associated with the 
development of parenteral nutrition induced cholestasis. Cholestasis in infants with intestinal failure 
is a clear predictor of poor outcome  [  4  ]  and multiple nutritional measures are often employed in an 
attempt to minimize hepatotoxicity (Table  12.1 ). Current theory as to how lipids lead to cholestasis 

   Table 12.1    Nutritional factors in fl uencing hepatotoxicity in intestinal failure therapy   

 Nutrient  Effect 

 Enteral feeds  Reduction of the need for TPN 
 Enhancement of intestinal mucosa function 

 Glucose  High glucose infusion rate—hyperinsulinemia 
 Hepatic lipogenesis 
 Decreased fatty acid oxidation 

 Amino acids  De fi ciency—hepatic steatosis 
 Excess—hepatic cholestasis 

 Lipids  (Omega—6 fatty acids) 
 Pro-in fl ammatory cytokine derivatives 
 Phytosterol accumulation 
 Loss of bile acid ef fl ux (bile salt export pump) 
 Loss of bile acid synthesis regulation 

 Trace elements 
 Copper  Accumulation in cholestatic liver 
 Carnitine  Decreased fatty acid oxidation (hypothetical) 
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have focused on both the pro-in fl ammatory effects of omega-6 fatty acid derivatives and more 
 commonly, the role of phytosterols  [  52,   53  ]  which are also present in soy-based lipid preparations. 
By virtue of their structural similarity to native bile acids, phytosterols have been shown in vitro and 
in animal models to inhibit the bile acid nuclear receptor FXR  [  54  ]  leading to unregulated uptake of 
bile acids into hepatocytes while decreasing hepatic clearance through the bile salt export pump.  

 To address this potential complication of parenteral nutrition therapy, two strategies have evolved: 
(1) the minimization of lipid therapy  [  55  ]  or the provision of less soy-based lipid emulsion to decrease 
the overall exposure to phytosterols, and (2) the use of alternative lipid sources such as  fi sh-oil-based 
emulsions  [  56  ]  or a balance of several different lipid sources  [  57  ] . While these alternative products are 
not yet approved in the United States for use, they are gaining an increased popularity through inves-
tigative protocol.   

   Conclusion 

 The role of nutrition therapy in the management of intestinal failure is a critical part of overall man-
agement strategies to maintain homeostasis and growth while on parenteral nutrition and beyond. It is 
designed with the overall goal of rehabilitation and/or support in mind and is tailored according to 
physiological limitations and needs. The chronicity of parenteral nutrition administration, the thera-
peutic bene fi ts of enteral feeds, and the constant assessment for the development of complications 
make it somewhat unique in the nutritional management of infants. Taking these aspects into consid-
eration can make the management of intestinal failure rewarding and greatly improve the lives of 
patients with this devastating, chronic illness.      
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      Key Points 

    Growth retardation in infants with CKD is secondary to malnutrition and/or low birth weight in the • 
vast majority of cases.  
  Nutritional assessment of children with CKD should be promptly initiated in order to control ure-• 
mic symptoms, prevent renal bone disease, and assure optimum growth.  
  Forced nutrition by enteral or parenteral feeding may be necessary to ensure nutritional goals.  • 
  In infants whose growth retardation persists despite a good metabolic and nutritional control, ther-• 
apy with rhGH must be considered early.  
  Therapy with rhGH improves longitudinal growth with no undesirable effects on bone maturation, • 
renal failure progression, or metabolic control.     

  Keywords   Malnutrition  •  Growth  •  Growth hormone  •  Catch-up growth  •  Chronic kidney disease  • 
 Nutritional supplementation  •  Low birth weight  •  Growth retardation  

   De fi nition and Stages of Chronic Kidney Disease 

 The term chronic kidney disease (CKD) denotes the persistence of a renal disorder for at least 
3 months. CKD is graded as stage 1 when renal glomerular  fi ltration rate (GFR) is normal and from 
stages 2–5 when the GFR is low and according to the severity of the GFR reduction  [  1  ] . Stage 5 CKD 
equals the classic term “end-stage renal disease” (ESRD) and implies the need of dialysis. The appli-
cation of this classi fi cation to infants needs to take into account that the GFR, expressed in mL/
min/1.73 m 2 , gradually increase during the  fi rst months of life and does not reach normal adult values 
until 1 year of age. In this chapter, CKD will refer to stages with decreased GFR unless the opposite 
is speci fi cally mentioned.  

    Chapter 13   
 Hormone Therapy to Improve Growth in Infants 
with Chronic Kidney Disease       

      Natalia   Mejía-Gaviria,       Flor   Ángel   Ordoñez, and       Fernando   Santos       
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   Epidemiological Data on Growth Retardation in CKD 

 Growth retardation is still a major manifestation of CKD when it occurs in the pediatric age and an 
important problem in the management of these patients because the failure to achieve a normal adult 
height accounts for a permanent sequelae and it is a serious obstacle to the complete social rehabilita-
tion of these individuals. Even for those patients able to grow within the normal reference percentiles, 
the presence of CKD makes dif fi cult the attainment of the target height as predicted by parental 
heights. 

 Recent data from collaborative registries indicate that the height of children with CKD stands 
below the lower limit of normal reference values in approximately one third and is above the 50th 
percentile in less than 20% of patients  [  2  ] . Following diagnosis, growth retardation only consistently 
improves in the group of patients aged 0–1 year but not in older children.  

   Pathogenic Factors of Growth Retardation in CKD 

 Many factors may be responsible for the impairment of growth in CKD. Thus, metabolic acidosis, 
 fl uid and electrolyte abnormalities including hypovolemia and sodium de fi cit, persistent anemia, bone 
mineral disorder, reduced food intake, protein hypercatabolism, alterations of growth hormone metab-
olism, chronic in fl ammation, low intratuterine growth, retention of uremic toxins, etc. all may 
adversely interfere with a normal growth in a child with CKD  [  3  ] . Some of these factors, such as 
anemia, acid–base disturbance, sodium de fi cit, osseous deformities, can nowadays be adequately pre-
vented and treated and, in spite of that, growth retardation often persists in these children. Therefore, 
we will focus on the protein-energy wasting syndrome  [  4  ] , the resistance to growth hormone (GH) 
and the inability to exhibit postnatal catch-up as the main mechanisms leading to subnormal growth 
in CKD. 

 In CKD the coexistence of normal circulating values of GH and the acceleration of growth rate 
caused by high doses of exogenous GH support the assumption that renal failure causes partial resis-
tance to the action of GH. The Fig.  13.1  graphically summarizes the abnormalities in GH—insulin-
like growth factor I (IGF-I) metabolism found in animals and humans with CKD  [  5  ] . Within these 
alterations, the following ones might likely have a signi fi cant role in the genesis of GH resistance: (1) 
disturbed serum GH pro fi le with reduced amplitude of secretory peaks  [  6  ] ; (2) depressed expression 
of GH receptor in liver and growth cartilage  [  7–  9  ] ; (3) low circulating values of free IGF-I  [  10,   11  ] ; 
(4) postreceptorial defect in the intracellular signaling pathway of GH  [  12,   13  ] . Malnutrition and 
chronic in fl ammation may also be responsible for GH resistance and may explain in part, but not 
completely, some of these alterations, emphasizing the complex interplay of these factors in the gen-
esis of growth failure in the uremic state.  

 The prevalence of low birth size is much higher in children with congenital CKD than in the nor-
mal population. Approximately 39 and 29% of newborns with congenital CKD have been found to be 
preterm or small for gestational age (SGA), respectively, in comparison with 8% in the reference 
population  [  14  ] .  

   Speci fi c Role of Nutrition and Why and How Nutrition Is Impaired in CKD 

 Goals of pediatric renal nutrition therapy include maintenance of adequate intake for optimal macro and 
micronutrient status, optimization of growth, prevention of uremic toxicity as well as of metabolic dis-
turbances and mineral and bone disease, improvement of the quality of life and survival, and reduction 
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of the risk of chronic morbidities in adulthood. Several factors hamper the achievement of nutritional 
targets in infants with CKD. Low calorie and protein intake negatively impacts longitudinal length, 
catch-up growth, and neurological development  [  15  ]  (Table  13.1 .). Malnutrition is a serious and com-
mon complication in children with CKD. It is characterized by loss of fat tissue as a consequence of an 
inadequate or scarce diet with adaptive and protective mechanisms like hunger, diminution of energy 
expenditure, and preservation of lean body and muscle mass, at least in initial stages. Furthermore, 
protein-energy wasting (PEW) syndrome or its severe form, cachexia, comprises weight loose, under-
utilization of fat tissue, decreased protein stores, muscle wasting, and anorexia as a maladaptive response 
to elevated metabolic expenditure  [  16–  18  ] . Cachexia/PEW syndrome has been implicated as risk factor 
for cardiovascular diseases and decreased life expectancy in adults and children with CKD  [  19,   20  ] . The 
restitution or adequacy of diet reverses malnutrition but this does not fully occur in cachexia/PEW in 
uremia  [  21  ] .  

 The pathophysiology of cachexia/PEW in renal disease involves many aspects that interact with 
each other resulting in anorexia and muscle protein breakdown through activation of caspase 3 and the 
ubiquitin-proteasome system  [  22  ] . High serum levels of pro-in fl ammatory cytokines tumoral necrosis 
factor- a , interleukin-1 b , and interleukin-6 as a result of impaired renal clearance  [  23  ] , volume over-
load or oxidative stress, enhance muscle degradation and suppress appetite through hypothalamic 
pathways  [  24,   25  ] . Appetite-controlling hormones are dysregulated in uremia contributing to anorexia. 
Renal excretion of anorexigenic peptides such as leptin, insulin, obestatin, and alpha m elanocyte 

  Fig. 13.1    Alterations of growth hormone (GH) and insulin-like growth factor (IGF)-I metabolism in chronic renal 
failure found in clinical (c) and experimental studies (e).  Upward arrow  Increased;  IGFBPs  IGF binding proteins; 
 GHRH  GH releasing hormone;  mRNA  messenger ribonucleic acid;  R  receptor;  GHBP  GH binding protein;  PTH  para-
thyroid hormone;  PTHrP  PTH-related peptide       
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stimulating hormone is impaired so abnormal high levels are found in malnourished patients likely 
contributing to decreased nutrient intake, while circulating concentrations of orexigenic peptides such 
as neuropeptide Y, agouti-related peptide, and active ghrelin, decrease  [  26–  30  ] . Moreover, serum 
leptin levels correlate with plasma insulin concentrations, independent of body fat content, suggesting 
that elevated serum leptin may play a role in reducing glucose-stimulated insulin secretion and 
glucose intolerance in CKD  [  31  ] . Beyond its effects through the hypothalamus, leptin, and ghrelin 
indirectly modulate pro-in fl ammatory cytokines. Abnormalities in the growth plate structure and 
dynamics dependent and independent on malnutrition have been described in uremic rats  [  32  ] .  

   Guidelines on Nutrition in Infants with CKD 

 Evaluation of nutritional and growth status: Includes clinical and biochemical parameters as well as a 
detailed history of speci fi c markers of malnutrition (Table  13.2 .). This assessment must be multidis-
ciplinary and dietary counseling should be individualized and performed by a dietitian who ideally 
has expertise in renal and pediatric nutrition. Periodicity of visits is based on the age of the child and 
severity of CKD though infants with polyuria, growth delay, decreasing or low body mass index 
(BMI) or recent acute changes in medical status or dietary intake need more frequent evaluation 
(Table  13.3 .)  [  33  ] .   

 Energy: Calorie intake requirements for infants with CKD are equivalent to 100% of estimated energy 
requirement (EER) for healthy children with the same chronological age adjusted to individual physi-
cal activity (Table  13.4 .)  [  33  ] . Calories derived from glucose in the dialysate (8–12 kcal/kg per day) 
must be considered when calculating total energy intake in patients on peritoneal dialysis. For infants 
with CKD, breast milk is the most appropriate choice or whey-based infant formula with low renal 
solute load. Weaning can be introduced between 4 and 6 months. Expressed breast milk may be 
forti fi ed with modular carbohydrate, fat and protein components or mixed with another formula. 
Additional nutritional supplementation by oral route must be considered if the child is not achieving 
expected rates of weight gain and/or growth for age, when the amount of milk is insuf fi cient or if  fl uid 
restriction is desirable. At 1 year of age is advisable to continue with infant formula with personalized 
modi fi cations instead of changing to cow’s milk  [  34  ] .  

   Table 13.1    Factors affecting nutritional goals in CKD   

 Poor appetite 
 Diet and  fl uid restrictions 
 Decreased intestinal absorption of nutrients 
 Recurrent vomiting 
 Distortion of taste and smell 
 Metabolic acidosis 
 Salt-wasting 
 Mineral and bone disorder—secondary hyperparathyroidism 
 Psychosocial issues and developmental delay 
 Anemia 
 Intercurrent diseases 
 Prescription of fasting because of surgery procedures 
 Polyuria or inability to concentrate urine 
 Medications interfering with food intake 
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 Protein: Dietary protein intake should be maintained at 100–140% of the Dietary Reference Intake 
 [  34  ]  (DRI) for ideal body weight in children with CKD stage 3 and at 100–120% of the DRI in 
 children with CKD stages 4–5  [  33  ] . Additional protein increment must be provided, based on antici-
pated peritoneal loses ranging from 0.15 to 0.35 mg/kg and 0.1 g/kg/day for children on hemodialysis 
(Table  13.4 .). Special carefulness must be taken on quality and bioavailability of the protein resources 
given the indirect link between phosphorus and cardiovascular morbidity in children. When protein 
requirements are assessed is imperative to ensure caloric needs previously to avoid increased genera-
tion of urea. 

 Sodium chloride: Infants with CKD especially those with renal dysplasia may have polyuria and 
urinary salt-wasting which contribute to severe height de fi cits. When sodium chloride excretion 
exceeds the intake form standard formula o breast milk, supplement of 4–7 mmol/kg/day of salt may 
be required with close monitoring of blood pressure  [  35  ] . 

   Table 13.2    Evaluation of nutritional status   

 Speci fi c signs and symptoms  Biochemical parameters  Detailed history 

 PEW 
 Change in appetite  Standard biochemistry  Age of onset of CKD 

 Gastrointestinal problems  Albumin  Etiology of CKD 
 Age at dialysis initiation 
 Acute or chronic in fl ammatory disorders comorbidities 

 Nausea  Prealbumin 
 Vomiting  Serum creatinine 
 Constipation  Creatinine kinetics   

 Lymphocyte count 
 Hemoglobin 

 Gastroesophageal re fl ux 
 Swallowing dif fi culties 
 Fatigue 

 Cachexia 
 Thin hair 
 Yellowish teeth lacking in enamel 
 Pale tongue with scattered papillae 
 Pale skin 
 Smelly breath 

  Modi fi ed from ref.  [  50  ]  
  PEW  protein-energy wasting syndrome  

   Table 13.3    Periodicity of evaluation of growth and nutritional status in infants with CKD stages 2–5   

 Measure 

 Minimum interval (months) 

 Age: 0 to <1 year  Age: 1–3 years 

 Stages of CKD  Stages of CKD 

 2–4  5  2–3  4–5  5 

 Dietary intake (3-day diet record or three 24-h dietary recall)  0.5–3  0.5–2  1–3  1–3  1–3 
 Estimated dry weight and weight for age percentile or SDS  0.5–1.5  0.25–1  1–3  1–2  0.2–1 
 Length or height for age percentile or SDS  0.5–1.5  0.5–1  1–3  1–2  1 

 BMI for height age percentile or SDS  0.5–1.5  0.5–1  1–3  1–2  1 

 Head circumference for age percentile or SDS  0.5–1.5  0.5–1  1–3  1–2  1–2 

 Height or length velocity-for-age percentile or SDS  0.5–2  0.5–1  1–6  1–3  1–2 

   BMI  body mass index;  SDS  standard deviation score 
 Modi fi ed from ref.  [  33  ]   
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 Vitamin and trace element: Infants with CKD should receive at least 100% of the DRI for thiamin 
(B1), ribo fl avin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), biotin (B8), cobalamin 
(B12), ascorbic acid (C), retinol (A), alpha-tocopherol (E), vitamin K, folic acid, copper, and zinc 
 [  33  ] . Supplements of water-soluble vitamins are indicated in children on dialysis who are not receiv-
ing nutritional supplements  [  35  ] . 

 Calcium and phosphate: Balance of mineral homeostasis must be adjusted to achieve good skeletal 
development without promoting vascular calci fi cations. The total calcium intake from diet and cal-
cium-based phosphate binders in children with CKD stages 2–5 should be in the range of 100–200% 
of the DRI for age  [  33  ]  (Table  13.5 .) .  If an insuf fi cient calcium intake is detected, consumption of 
food with high endogenous calcium content like milk, cheese, broccoli, and calcium-forti fi ed food 
products must be recommended. In all CKD stages, it is suggested to avoid serum phosphorus con-
centrations both above and below the normal reference range for age since highs levels aggravate 
secondary hyperparathyroidism and low levels can worse osteomalacia. Moderate phosphate restric-
tion prevents and improves secondary hyperparathyroidism with a safe pro fi le in respect to growth, 
nutrition, and bone mineralization. In children with CKD stages 3–5 with serum parathyroid hormone 
(PTH) concentration above the target range for CKD stage and serum phosphorus concentration is 
within the normal reference range for age, a dietary phosphorus intake to 100% of the DRI for age is 
suggested. In children with CKD stages 3–5 with increased serum phosphorus levels for age and PTH 
concentrations above the target range for CKD stage, a reduction in dietary phosphorus intake to 80% 

   Table 13.4    Recommended caloric and protein intake for children with CKD   

 CKD stage and patient’s age  Energy (kcal/kg/day)  Protein (g/kg/day) 

 CKD 3 
 0–6 months  115–150  1.5–2.1 
 7–12 months  95–150  1.2–1.7 
 1–3 years  95–120  1.05–1.5 

 CKD 4–5 
 0–6 months  115–150  1.5–1.8 
 7–12 months  95–150  1.2–1.5 
 1–3 years  95–120  1.05–1.25 

 Peritoneal dialysis 
 0–6 months  115–150  1.8 
 7–12 months  95–150  1.5 
 1–3 years  95–120  1.3 

 Hemodialysis 
 0–6 months  115–150  1.6 
 7–12 months  95–150  1.3 
 1–3 years  95–120  1.15 

  Modi fi ed from refs.  [  33  ]  and  [  34  ]   

   Table 13.5    Recommended calcium and phosphorus intake for children with CKD stages 2–5   

 Recommended calcium intake (mg elemental Ca)  Recommended phosphorus intake (mg/dL) 

 Patient’s age  DRI (100%)  Upper limit diet + phosphate 
binders 

 Normal P + high PTH 
(DRI  £ 100%) 

 High P + high PTH 
(DRI  £ 80%) 

 0–6 months  210   £ 420  100   £ 80 
 7–12 months  270   £ 540  275   £ 220 
 1–3 years  500   £ 1,000  460   £ 370 

   DRI  dietary reference intake;  PTH  parathyroid hormone 
 Modi fi ed from reference KDOQI Work Group  [  33  ]   
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of the DRI for age is advisable (Table  13.5 )  [  33  ] . To accomplish this objective, protein sources with 
low phosphorus content should be prescribed. In young infants, whose major source of protein and 
phosphorus came from milk and dairy products, metabolic control can be achieved using oral and/or 
enteral formulas with low phosphorus content and delaying the introduction of cow’s milk until the 
age of 18–36 months  [  33  ] .   

   Response of Growth to Forced Nutrition in Infants 

 It has been described that energy intake less than 80% of the DRI may produce growth delay. Restoring 
calories to 100% of estimated average requirement (EAR) allows catch-up growth in infants <2 years 
 [  36,   37  ] . Exceeding amount of calories beyond this point has not shown further improvement in 
length and can lead to overweight. Clinical studies have shown the bene fi ts of forced nutrition in 
children with renal disease. Honda et al.  [  38  ]  described 15 infants on peritoneal dialysis whose mean 
growth velocity indexes were positively correlated to energy but not protein intake. Similar  fi ndings 
were described by other study before and 1 year after therapy with growth hormone in prepuberal 
children on dialysis  [  39  ] . Energy-dense diet and commercial nutritional supplements can be given by 
oral route, however in infants dif fi culties in feeding often arise. Refusal to eat, vomiting, and sponta-
neous decreased intake are frequent, so dietary requirements cannot be maintained consistently with 
oral feeding. In those cases enteral (nasogastric, nasojejunal, gastrostomy, or gastro-jejunostomy) or 
parenteral nutrition may be necessary to ensure nutritionals objectives. Ledderman et al. found 
achievement of catch-up growth in infants whose calorie requirements were ful fi lled with nasogastric 
tube and gastrostomy for long term. Better control of secondary hyperparathyroidism was found as 
enteral feeding continued, regardless of mineral-bone disease standard treatment  [  37  ] . Previous report 
on children with CKD highlighted the importance of caloric intake, PTH, and blood urea nitrogen 
levels on growth retardation  [  40  ] . Other approaches like intradialytic parenteral nutrition were capa-
ble of reversing weight loss and improve BMI in children on hemodialysis  [  41  ] , although other group 
described slightly or no changes in serum albumin, as a surrogate marker of survival on CKD  [  42  ] .  

   Use of Growth Hormone in Infants with CKD: Rationale and Indications 

 Although acknowledging the need for optimal nutritional management to optimize growth of infants 
with CKD, height de fi cit cannot always be overcome despite aggressive supplemental feeding in 
these patients, as disclosed by a detailed analysis of published series in which forced feeding did not 
invariably result in catch-up growth  [  36,   43–  45  ] . On the other hand, as mentioned above, the preva-
lence of low birth size is much higher in children with congenital CKD than in the normal population. 
Therefore, infants with CKD not only need to have a normal growth rate but to undergo a longitudinal 
catch-up growth during the  fi rst months of life. Most of low birth weight infants without associated 
chronic diseases have postnatal growth suf fi cient to normalize height in the  fi rst 2 years of life  [  46  ] . 
Even a moderate reduction of renal function may prevent this early catch-up growth in CKD patients. 
This adverse effect of CKD on infants’ growth is consistent with the typical growth pattern described 
for pediatric patients with CKD  [  47  ] . The patient’s height separates from normal reference percentiles 
during infancy and puberty. Between these two periods the patient is able to keep a “normal” growth 
rate so that the height de fi cit does not become relatively greater, particularly if the patient’s CKD 
stage is not advanced. 

 Thus, to avoid the aggravation of growth de fi cit during the infancy period, infants with CKD not 
associated with other growth inhibiting diseases, such as bone dysplasias, congenital malformations, 
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endocrine disorders, etc., in whom growth retardation persists in the presence of a good metabolic and 
nutritional control should be treated with GH. In this group of patients, administration of recombinant 
human GH (rhGH) at doses of 0.33 mg/kg/week injected daily by subcutaneous route has been shown 
to improve longitudinal growth with no undesirable effects on bone maturation, renal failure progres-
sion, or metabolic control  [  48  ] . Therapy with rhGH should be withdrawn once the child attains the 
mid-parental height. From this point on, if the renal failure is not advanced the patient may be able to 
keep a normal growth velocity during the childhood and so keep the genetically determined percentile 
for height. At the time of puberty, rhGH treatment may again be required in order to achieve a normal 
growth spurt. Patients with severe degrees of CKD are usually not only unable to exhibit catch-up 
growth but also to keep a “normal” growth rate. In these patients, maintained administration of rhGH 
is necessary to avoid the fall of the height below the percentile that corresponds to the mid-parental 
height. In these cases, it should be kept in mind that the best response to rhGH, i.e. the maximal accel-
eration of growth velocity, is habitually observed during the  fi rst year of treatment and that prolonged 
therapy is often associated with poor compliance with therapy  [  49  ] .      
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      Key Points 

    Appropriate infant feeding is essential for the health of all children  • 
  For children of HIV-positive mothers there are some additional important issues. This includes• 

   Use of antiretroviral drugs as prophylaxis or therapy to reduce HIV transmission   –
  Questions related to duration of different feeding modalities   –
  Questions related to feasibility and acceptability of the choices related to infant feeding and therapy      –

  The current guidelines from the World Health Organisation (WHO) on infant feeding in the con-• 
text of HIV are in most aspects more similar to the recommendations for the general population 
than they were earlier with added emphasis on the importance of antiretroviral drugs     
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 Introduction 

 Since 1985, it has been known that HIV can be transmitted through breast milk  [  1  ] . Infants who are 
infected with HIV are at a high risk of early death and carry a heavy burden of disease  [  2–  4  ] . If no 
actions are taken, around one third of the children will be infected during pregnancy (5–10%),  delivery 
(10–20%), or breastfeeding (10–20%)  [  5  ] . 

 Despite the risk of HIV infection via breast milk, avoidance of breastfeeding has been associated 
with substantial morbidity and mortality in many settings and in many of the settings where HIV is 
prevalent  [  6  ] , which makes it necessary to balance these competing risks  [  7  ] . 

 Current approaches to prevent postnatal HIV transmission through breastfeeding in resource-poor 
settings include the avoidance of all breastfeeding (exclusive replacement feeding) or breastfeeding 
together with antiretroviral drugs given to the infant (as prophylaxis) or to the mother (as either pro-
phylaxis for the breastfeeding period or treatment depending on the mothers CD4 count). 

   Exclusive Breastfeeding 

 There is substantial evidence that exclusive breastfeeding (feeding an infant on breast milk alone with 
no other liquids or solid foods except for medicines and vitamin–mineral supplements) during the  fi rst 
half of infancy has substantial child survival bene fi ts—even in the context of HIV  [  8–  13  ] . Exclusive 
breastfeeding has been found to result in a marked decrease in HIV transmission compared to non-
exclusive breastfeeding in several large studies in South Africa, Zimbabwe, Zambia, and Ivory Coast 
 [  8,   9,   11–  13  ] . 

 Early cessation of breastfeeding, at around 6 months of age, was previously recommended by the 
WHO as a strategy to limit the exposure to HIV through breast milk  [  14  ] , but is no longer recommended 
since evidence from Zambia has shown that the bene fi ts of continued breastfeeding far outweigh the 
child survival risk of early cessation in many settings  [  15  ] . Several studies from sub Saharan Africa have 
highlighted the dangers of early cessation of breastfeeding under conditions of underlying poor socio-
economic status and food insecurity, as locally available foods often do not meet the nutritional needs of 
non-breastfed infants between 6 and 12 months of age  [  16,   17  ] . Furthermore, replacing breast milk with 
local foods would double the estimated daily cost of feeding 6–12-month-old infants  [  17  ] .  

   Importance of Appropriate Complementary Feeding 

 During the last decade, the optimal duration of exclusive breastfeeding has received more attention, 
possibly at the expense of optimal complementary feeding  [  18  ] . However, there is extensive docu-
mentation that high quality complementary feeding after the  fi rst half of infancy is essential for opti-
mal child health  [  19–  23  ] . Furthermore, there are several reports that document that complementary 
feeding is often sub-optimal in many settings where HIV is prevalent  [  19  ] . A study in Zimbabwe 
found that among HIV-positive mothers with infants at around 6 months of age, the median energy 
intake was 1,382 kJ (54% of recommended daily intake of energy [RDI]) among weaned infants com-
pared with 2,234 kJ (87% of RDI) among breastfeeding infants  [  17  ] . Food unavailability was the 
primary barrier to early weaning, suggesting that it is dif fi cult for HIV-positive women in Zimbabwe 
to safely wean their infants from breast milk. There is a need to  fi nd strategies to improve this situa-
tion including provision of training and support to mothers and health professionals in proper comple-
mentary feeding, and improving food security  [  18,   24–  26  ] . 

 A Zambian study sought to answer the question of whether early weaning is safe in an African 
setting with a high background infant mortality rate  [  15  ] . The study randomized HIV-positive women 
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   Box 14.1 WHO Guidelines on HIV and Infant Feeding 2010 

   Recommendation 1 

   Ensuring mothers receive the care they need 

  Mothers known to be HIV-infected  Should be provided with lifelong antiretroviral therapy or 
antiretroviral prophylaxis interventions to reduce HIV transmission through breastfeeding 
according to WHO recommendations.   

   Recommendation 2 

   Which breastfeeding practices and for how long 

  Mothers known to be HIV-infected (and whose infants are HIV-uninfected or of unknown HIV 
status)  Should exclusively breastfeed their infants for the  fi rst 6 months of life, introducing 
appropriate complementary foods thereafter, and continue breastfeeding for the  fi rst 12 months 
of life. Breastfeeding should then only stop once a nutritionally adequate and safe diet without 
breast milk can be provided.   

   Recommendation 3 

   When mothers decide to stop breastfeeding 

  Mothers known to be HIV-infected  Who decide to stop breastfeeding at any time should stop 
gradually within 1 month. Mothers or infants who have been receiving ARV prophylaxis should 
continue prophylaxis for 1 week after breastfeeding is fully stopped. Stopping breastfeeding 
abruptly is not advisable.   

   Recommendation 4 

   What to feed infants when mothers stop breastfeeding 

 When  mothers known to be HIV-infected  Decide to stop breastfeeding at any time, infants 
should be provided with safe and adequate replacement feeds to enable normal growth and 
development. Alternatives to breastfeeding include:

   For infants less than 6 months of age:• 

   Commercial infant formula milk as long as home conditions outlined in Recommendation  –
#5 below are ful fi lled,  
  Expressed, heat-treated breast milk (see Recommendation #6 below),        –

 Home-modi fi ed animal milk is not recommended as a replacement food in the  fi rst 6 months 
of life.

   For children over 6 months of age:  • 

  Commercial infant formula milk as long as home conditions outlined in Recommendation  –
#5 are ful fi lled,  
  When animal milk is given, it should be boiled for infants under 12 months unless pasto- –
rised, and be given in addition to other food providing an adequate macro- and micronu-
trient intake.    

 All children need complementary foods from 6 months of age.   

(continued)
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to encourage early abrupt weaning at 4 months or continued breastfeeding for as long as the women 
chose. There was no signi fi cant difference between the groups in the rate of HIV-free survival at 
2 years among the children even in the absence of antiretroviral prophylactic drugs (68% in the inter-
vention arm with early weaning and 64% in the control arm). In addition, the children who were 
infected with HIV by 4 months had a higher mortality by 24 months if breastfeeding was stopped 
early (74 vs. 55%). These results led WHO to change their recommendations (see Box 14.1) from 
supporting early weaning at 6 months to continued breastfeeding until a nutritionally adequate and 
safe diet without breast milk can be provided  [  27  ] . 

 Complementary feeding from 6 months onwards is needed as human milk is inadequate to satisfy 
the infant’s nutritional needs. A good and balanced diet consists of adequate and culturally acceptable 

   Recommendation 5 

   Conditions needed to safely formula feed 

  Mothers known to be HIV-infected  should only give commercial infant formula milk as a 
replacement feed to their HIV-uninfected infants or infants who are of unknown HIV status, 
when all the following conditions are met:

    a.    Safe water and sanitation are assured in the household and the community  
    b.    The mother or other caregiver can reliably provide suf fi cient infant formula milk to support 

normal growth and development of the infant  
    c.    The mother or caregiver can prepare it cleanly and frequently enough so that it is safe and 

carries a low risk of diarrhoea and malnutrition  
    d.    The mother or caregiver can give infant formula milk exclusively in the  fi rst 6 months  
    e.    The family is supportive of this practice  
    f.    The mother or caregiver can access health care that offers comprehensive child health 

services     

 These descriptions are intended to give simpler and more explicit meaning to the concepts rep-
resented by AFASS (acceptable, feasible, affordable, sustainable, and safe).   

   Recommendation 6 

   Heat-treated, expressed breast milk 

  Mothers known to be HIV-infected  may consider expressing and heat-treating breast milk as  an 
interim feeding strategy :

   In special circumstances such as when the infant is born with low birth weight or is otherwise • 
ill in the neonatal period and unable to breastfeed;  
  When the mother is unwell and temporarily unable to breastfeed or has a temporary breast • 
health problem such as mastitis;  
  To assist mothers to stop breastfeeding; or  • 
  If antiretroviral drugs are temporarily not available.      • 

   Recommendation 7 

   When the infant is HIV-infected 

  If infants and young children are known to be HIV-infected , mothers are strongly encouraged to 
exclusively breastfeed for the  fi rst 6 months of life and continue breastfeeding as per the recom-
mendations for the general population, up to 2 years or beyond.    

Box 14.1 (continued)
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macro- and micronutrients  [  28  ] . Numerous studies have been done identifying micronutrient 
de fi ciencies in young infants with good evidence for single-micronutrient supplement bene fi ts—
particularly for vitamin A and zinc  [  19,   22,   29,   30  ] . 

 High quality and adequate complementary feeding is a necessity to avoid undernutrition including 
stunting (very low height according to age [length/height-for-age < − 2 z-scores]) and wasting (weight-
for-length/height <−2 z-scores below the mean). Undernutrition is in many settings widespread at an 
early age, particularly in Sub-Saharan Africa and South-East Asia, with up to half of the children 
stunted at 2 years  [  19,   21,   22,   31  ] . Undernutrition has severe consequences in the short term with 
increased vulnerability to morbidity and mortality, and also in the long term with less fortunate pros-
pects in adult life  [  19,   22,   32–  34  ] , and adds to the morbidity from exposure to HIV even when unin-
fected and the added risk of growing up without parents  [  3  ] . 

 Multiple factors seem to be involved in the causal web leading to stunting including environmental 
and agricultural, economic, political, contextual factors, and in particular poverty, food security, 
health, and care  [  19  ] . Studies have shown that undernutrition is strongly related with wealth—with 
most undernutrition in the poorest part of the population  [  31,   35,   36  ] . 

 Good community programmes promoting adequate complementary feeding are highly diet and 
context speci fi c, and drawing conclusions on which public health efforts are most ef fi cacious has been 
dif fi cult. A review from 2008 indicated that food support in food insecure situations is bene fi cial in 
terms of improving child growth  [  22, 86  ] .   

   Formula Feeding 

 While exclusive replacement feeding (complete avoidance of breastfeeding) nearly eliminates the risk 
of postnatal HIV transmission from HIV-positive women to their infants, in many low- and middle-
income countries replacement feeding is not considered to be acceptable, affordable, feasible, sustain-
able, and safe. 

 Over the past several years, evidence has been accumulating from Africa on the increased mortal-
ity associated with formula feeding in various research studies focusing on prevention of mother-to-
child transmission of HIV (PMTCT)  [  10  ] . A pooled-meta analysis of studies in low-income countries 
with low HIV prevalence found that infants who are not breastfed and receive formula milk or other 
replacement feeding have a 6-fold increased risk of dying in the  fi rst 2 months of life, a 4-fold increase 
between 2 and 3 months, and a 2.5-fold increase between 4 and 5 months compared with those who 
are breastfed  [  37  ] . 

 A trial in Botswana compared the ef fi cacy of exclusive breastfeeding combined with antiretroviral 
drugs (zidovudine) given to the infant for 6 months vs. formula feeding combined with 1 month of 
antiretroviral prophylaxis to the infant  [  38  ] . The HIV transmission rates at 7 months were 5.6% in the 
formula-fed infants and 9.0% in the breastfed infants, while the number of infant deaths by month 7 
was higher in the formula-fed group than in the breastfed infants (9.3 vs. 4.9%). Findings from Kenya 
have suggested high mortality and transmission rates among both breastfed and formula-fed children; 
however, in that study the HIV-free survival was slightly in favour of formula feeding in the study 
context before the use of antiretroviral prophylaxis during breastfeeding  [  39,   40  ] . 

 Evidence of the dangers of formula feeding in non-research settings have also been documented in 
Botswana. Between November 2005 and February 2006, there were unusually heavy rains and  fl ooding 
which led to an increase in the incidence of diarrhoea. Not breastfeeding was strongly associated with 
diarrhoea and death, and most of the deaths were among HIV-exposed infants whose mothers were 
receiving free formula milk through the PMTCT programme  [  41  ] . Recent evidence from Malawi has 
also found that not being breastfed was signi fi cantly associated with declines in nutritional status as 
evidenced by decreased mean length-for-age, weight-for-age and weight-for-length z-scores  [  42  ] . 

 In South Africa, research from routine PMTCT sites has found that an inappropriate choice to 
formula feed (without WHO AFASS conditions being met) carries a greater risk of HIV transmission 
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or death than breastfeeding  [  43  ] . In another study from the predominantly rural district of Hlabisa in 
Kwa-Zulu Natal, South Africa, mortality at 3 months in exclusively breastfed infants was 6 vs. 15% 
in infants given replacement feeds, despite the fact that the women opting not to breastfeed were of 
higher socioeconomic status  [  8  ] . By 18 months of age, the probability of survival was not signi fi cantly 
different for HIV-uninfected infants, whether they were breastfed or formula-fed from birth, despite 
these mothers and infants receiving substantial support to make and practice appropriate infant feed-
ing choices  [  44  ] . Therefore, as in the MASHI study, the avoidance of breastfeeding gave no survival 
gain for these infants. Programs supporting formula feeding are also associated with substantial costs, 
either to the families and/or to the health systems  [  27  ] , and can have several related drawbacks  [  45  ] . 

 A small study in South Africa that assessed contamination of milk bottles at clinics and in the 
homes found high levels of contamination with faecal bacteria (67% of clinic samples and 81% of 
home samples). The study also found evidence of poor formula preparation with over-dilution occurring 
among 28% of clinic samples and 47% of home samples  [  46  ] .  

   Antiretroviral Prophylaxis to Prevent Mother-to-Child Transmission of HIV 

 Due to high child mortality observed in many resource-limited settings in the absence of breastfeed-
ing, strategies to reduce HIV transmission while breastfeeding were sought. As it was known that 
antiretroviral drugs reduce HIV viral load, several studies investigated the degree to which different 
regimens of antiretroviral prophylaxis given to the mother, the infant, or both could reduce transmis-
sion of HIV from mother-to-child. Uncertainty regarding actual prophylactic effects had to be bal-
anced against concerns regarding safety, resistance, and implementation issues. Initially, single dose 
or short course regimens around the time of the delivery with maternal antiretroviral prophylaxis 
(zidovudine or nevirapine) was used. It was later found that a longer duration of prophylaxis that 
provided maternal cover during pregnancy, delivery, and the complete duration of breastfeeding was 
more ef fi cacious than shorter regimens. A cost-effectiveness discussion came up in parallel with new 
discoveries in favour of longer and more intensive regimens. The table below summarizes various 
studies on maternal and infant regimens that have been used and their effects  [  27,   38,   47–  60  ] . 

 Combination regimens for mothers or infants are now preferred as they seem to be more ef fi cacious. 
The main aim when mothers are treated is to suppress HIV viral load to very low levels. Furthermore, 
single drug regimens can lead to the development of resistant HIV strains among infants or mothers. 

 When an HIV-infected pregnant woman receives highly active antiretroviral therapy for her own 
health, it is also recommended that her infant receives prophylaxis (e.g., nevirapine) from birth up to 
6 weeks of age, regardless of the feeding modality (breast milk or not). This double protection among 
infants whose mothers receive HAART or among infants not breastfeeding for 6 weeks will counter-
balance some of the increased risk of HIV transmission during delivery. An aim when mothers are 
treated is that HIV viral load is suppressed to very low levels. 

 If an HIV-infected pregnant woman does not need antiretroviral therapy for her own health (e.g., 
when the mother has no clinical signs of advanced stage HIV and CD4 is above 350 × 10 6 /L), then 
antiretroviral prophylaxis is needed for the pregnant woman during pregnancy and delivery (e.g., with 
a triple drug regimen from early in pregnancy to 1 week after delivery or with zidovudine during 
pregnancy up to 1 week after delivery, single dose nevirapine and lamivudine during delivery, and 
lamivudine for 1 week post-delivery), and for her breastfeeding infant from delivery throughout the 
breastfeeding period (e.g., with nevirapine and/or lamivudine from birth to 1 week after complete 
breastfeeding cessation). 

 With optimal maternal antiretroviral treatment (HAART for maternal health) or maternal/infant 
prophylaxis during breastfeeding, postnatal HIV transmission from mother-to-child can be reduced 
dramatically (Table  14.1 ). Most of the commonly used combinations of antiretroviral treatment are in 
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general well tolerated. The choice of antiretroviral regimen is a balance between ef fi cacy, side effects, 
cost, and availability—both when given as treatment and when given as prophylaxis.   

   Feeding of Known HIV-Positive Infants and Children 

 Children living with HIV have several fold increased morbidity and mortality  [  2,   44  ] . The mortality 
among HIV-infected compared to uninfected children is around 10-fold in the absence of antiretrovi-
ral therapy. The risk of malnutrition is also increased  [  68  ] , partly due to oral infections, malabsorp-
tion, diarrhoea, increased metabolic requirements, and cytokine-mediated wasting  [  2,   69  ] . 

 Among the children who are malnourished, the risk of death is also several folds higher than 
among HIV-negative children  [  70  ] . The presentation of malnutrition among HIV-infected children 
has been reported to have a slightly different picture, with more often marasmus and less often pure 
kwashiorkor compared to among non-infected children  [  71  ] . HIV-positive infants also more often 
suffer from prolonged diarrhoea which can be caused by several pathogens. Cryptosporidium parvum 
is one of the linking pathogens which is strongly associated with both HIV and malnutrition. 

 Antiretroviral therapy is both preventive and therapeutic strategy reducing morbidity and mortality 
among HIV-infected children  [  2,   72  ] . With good antiretroviral therapy, the morbidity and mortality 
reduce substantially  [  2  ] , but are still far above what is expected among HIV-negative children. In addi-
tion, the antiretroviral therapy including drugs such as protease-inhibitors can cause side effects such 
as lipodistrophy, where the fat distribution in the face and the extremities is reduced, while fat is 
stored in abdominal areas  [  69  ] . In addition to antiretrovirals, cotrimoxazole is also recommended as 
it reduces the risk of several infections. 

 The energy requirements among HIV-infected children is higher than those not infected  [  69  ] , par-
ticularly with advanced disease. In absence of antiretroviral therapy, research indicates that there    is a 
need for micronutrient supplementation as many HIV-infected children have micronutrient de fi ciencies 
 [  73  ] . Several de fi ciencies have been suggested to be important for those who are HIV-positive includ-
ing vitamin A, B2, B6, B12, C, E, folic acid, and zinc. It is less clear whether there is a need for 
micronutrient supplementation to HIV-infected children who are treated well with antiretroviral 
drugs.  

   The WHO Guidelines on Infant Feeding with a Brief Historical Background 

 In order to guide health workers in assisting women to make appropriate infant feeding choices, WHO 
and United Nations Children’s Fund (UNICEF) developed the Global Strategy for Infant and Young 
Child Feeding  [  14  ] . The recommendation for women known to be HIV-positive was initially avoid-
ance of all breastfeeding where replacement feeding was acceptable, feasible, affordable, sustainable, 
and safe (AFASS 1 ). Otherwise, exclusive breastfeeding for the  fi rst months of life was recommended 
followed by early breastfeeding cessation as soon as feasible, when conditions for safe replacement 
feeding could be met. This guideline was revised in 2007 following the results from the Zambian 
breastfeeding study  [  74  ] , and stated that “at six months, if replacement feeding is still not acceptable, 

   1   The AFASS criteria are meant to guide health workers in assisting women to make infant feeding choices that are 
appropriate to their individual circumstances. The translation of this recommendation into operational settings is a chal-
lenge for health workers and counsellors as there is little guidance on what the terms “acceptable,” “sustainable,” 
“safe,” and “feasible” mean in practice.  
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feasible, affordable, sustainable and safe, continuation of breastfeeding with additional complemen-
tary foods is recommended.” 

 Between 2007 and 2009, several large trials were underway in South Africa, Zambia, Zimbabwe, 
and Botswana to assess different feeding strategies for HIV-positive women including exclusive breast-
feeding and early cessation of breastfeeding as well as ARV prophylaxis regimens for breastfeeding 
infants and mothers. Following a review of these trial results, WHO released revised guidelines and 
recommendations in 2010 (see Box 14.1). In these guidelines, there is greater emphasis placed on 
ensuring the optimal health of the mother. The  fi rst recommendation supports that mothers receive the 
care that they need through antiretroviral treatment or prophylaxis in line with the 2010 WHO recom-
mendations on antiretroviral drugs for pregnant women and infants  [  75  ] . Furthermore, there is a rec-
ommendation that either the infant or the mother receive antiretroviral prophylaxis for the duration of 
breastfeeding to reduce postnatal transmission. With regard to infant feeding mode, the guidelines 
recommend exclusive breastfeeding for HIV-positive women for 6 months with continued breastfeed-
ing with complimentary feeding until 12 months. In contrast to previous guidelines, early and abrupt 
cessation is no longer recommended. The new guideline sets out six clear requirements for safe for-
mula feeding including reliability of supplies. This is particularly relevant for countries such as South 
Africa and Botswana where the governments provide free formula milk to HIV-positive women choos-
ing not to breastfeed. 

 These revised recommendations provide an opportunity for policy makers and health workers to 
utilize the accumulated evidence to initiate a period of rapid reductions in postnatal HIV transmission 
through access to antiretrovirals and optimal infant feeding. 

   Strategies to increase child survival in Low- and high-income countries 

 In high-income countries, treatment and prevention guidelines and choices regarding infant feeding in 
the context of maternal HIV infection are less complicated. Most HIV-positive women in these set-
tings practice replacement feeding. In low-income countries, infant feeding policies are guided by the 
local context. In most contexts in sub-Saharan Africa, it is clear that avoidance of breastfeeding causes 
more harm for infants even among HIV-positive women. In some settings such as South Africa and 
Botswana, the governments have chosen to provide HIV-positive women with an alternative to breast-
feeding by providing free formula milk. However, research has found that even with the provision of 
free milk, the risks of replacement feeding can outweigh the risks of breastfeeding in terms of child 
survival  [  38,   43,   76  ] . 

 The recent WHO guidelines on HIV and infant feeding which are being adopted by many low-
income countries  [  27  ]  have led to increased access to antiretroviral drugs for mothers and infants. This 
has been shown to markedly decrease breastfeeding HIV transmission and made replacement feeding 
less bene fi cial with regard to HIV-free survival. The challenge of HIV and breastfeeding and the 
research conducted over the past decade now open up an opportunity to use this knowledge to revital-
ize support for exclusive breastfeeding.   

   HIV-Related Challenges with Infant Feeding 

 The challenge of improving infant feeding practices for HIV-positive women needs to be understood 
within a context of infant feeding in the general population. In most of the world including much of 
sub-Saharan Africa, around 95% of mothers initiate breastfeeding after birth, and most of them con-
tinue to breastfeed for more than a year  [  77  ] . However, in many settings, mixed feeding during the 



184 L.T. Fadnes et al.

 fi rst months of life (when both breast milk and non-human milk or other solid or semisolid food given 
to the infant) is the cultural norm  [  78–  81  ] . It is against this background that infant feeding recom-
mendations for women with HIV are being implemented. If women with HIV are to succeed in prac-
ticing exclusive infant feeding (i.e., only breastfeeding or only formula feeding during the  fi rst months 
of life), then changes in the infant feeding practices in the general population are necessary to ensure 
that exclusive breastfeeding is a norm rather than an exception, and that women opting for exclusive 
breast- or formula feeding are not stigmatized. 

 Mothers with HIV often face social and practical concerns that in fl uence the infant feeding choice. 
The most immediate concerns relate to stigma and disclosure of HIV status  [  82,   83  ] . In cultures where 
breastfeeding is the norm, as is the case in most low-income settings, not breastfeeding can stigmatize 
the mother as it is outside the local norm. In some cases, it may even be an indication to the commu-
nity that the mother is HIV-positive. This threatens the mother’s con fi dentiality about her status and 
can in some cases lead to rejection by the partner or family, or even violence. To avoid this, some 
mothers will adapt to the culturally accepted practices and breastfeed in public, while using formula 
milk in private  [  26  ] . 

 Another issue is that mothers in some cases are not the decision makers for issues concerning 
the feeding of their own infants  [  82,   83  ] . Depending on the community, such decisions may rest with 
e.g. the partner, the mother-in-law, or the woman’s own mother. Therefore, the mother may be faced with 
challenging the authority of the family structure to implement her desired feeding option. This will be 
dif fi cult for many women to do. Some mothers make informed choices when counselled in health ser-
vices, but are pressured to reverse this choice upon returning home, often leading to mixed feeding. 
When feeding choices are supported by the family, exclusive feeding has been more successful  [  84  ] . 

 In addition to social stigma issues, there are also practical constraints and socioeconomic condi-
tions that in fl uence feeding choice  [  82,   84  ] . The mother may choose formula feeding and  fi nd this 
option to be impractical and dif fi cult, for example, when preparing infant formula during the night 
with no electricity, running water, or refrigeration. Finding this too dif fi cult, she might breastfeed at 
night and use substitutes during daytime. 

 Another consideration is knowledge on advantages and disadvantages of the various infant feeding 
options. Health counselling is essential in this respect  [  84  ] . However, there are several reports of 
health counselling where HIV transmission has been overestimated and counselling of simplistic 
messages which might leave the mothers confused  [  26,   85  ] . 

 Health care services and community structures must provide counselling and support for infant 
feeding that extends beyond the antenatal period. It is important to enable mothers to cope with new 
challenges and pressures at critical times during the early postpartum period so they make good infant 
feeding choices within their own personal circumstances.  

   Summary 

 Appropriate infant feeding choices are essential for the health of all children. This is just as true for 
the children of HIV-positive mothers, who have some additional important issues. This includes use 
of antiretroviral drugs as prophylaxis or therapy to reduce HIV transmission, questions related to dura-
tion of different feeding modalities, and questions related to feasibility and acceptability of the choices 
related to infant feeding and therapy. However, the current guidelines from the WHO on infant feeding 
in the context of HIV are in most aspects more similar to the recommendations for the general popula-
tion than they were earlier with more emphasis on the importance of antiretroviral drugs, providing an 
opportunity for countries to accelerate support for breastfeeding to improve health of all children.      
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      Key Points 

    Hearing is an essential component of the human brain and the central nervous system that facili-• 
tates interpersonal communication and interaction.  
  This chapter highlights the relationship between undernutrition and human development in early • 
childhood and provides an overview of the auditory system as a basis for exploring the association 
and possible pathways between undernutrition and hearing impairment in the  fi rst year of life.     

  Keywords   Child development  •  Developmental disability  •  Hearing loss  •  Early intervention  • 
 Protein-energy de fi ciency  •  Micronutrient de fi ciency  

   Introduction 

 From birth, humans develop and acquire functional skills in key interdependent domains of motor 
(gross and  fi ne); language (receptive and expressive); cognitive; and psychosocial development as a 
basis for later educational and vocational attainment. While the most essential development generally 
begins from conception through the  fi rst 5 years of life, the  fi rst year of life is the fastest period of 
postnatal growth as well as the period most sensitive to stimulation and nurturing (or the lack of it) for 
the developing brain  [  1–  4  ] . The human brain begins to develop in utero with the formation of neural 
cells followed by a sequence of cell migration and differentiation. As from the fourth month of life 
peripheral nerve  fi bers gradually acquire membranous sheath known as myelin to facilitate conduc-
tion from the nerve to the target organ and vice versa. Until about school age the brain develops rap-
idly through the processes of neurogenesis, axonal and dendritic proliferation, synaptogenesis, cell 
apoptosis, synaptic pruning, myelination, and gliogenesis and attains its maximum growth within the 
 fi rst 2 years of life as shown in Fig.  15.1 .  

 Adequate nutrition ensures that the energy and nutrients required by these sequential ontogenetic 
events are supplied to facilitate the maturation and functional development of the brain and the central 
nervous system. Nutritional de fi ciencies in the prenatal or immediate postnatal period are therefore 
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likely to disrupt and compromise these ontogenetic processes with long-term effects on the brain’s 
structural and functional capacity  [  5  ] . These disruptions usually manifest as developmental delays or 
de fi cits across one or more domains. 

 Nutritional de fi ciencies can be broadly grouped into de fi ciencies in protein-energy as evidenced by 
sub-normal changes in body weight and height; as well as micronutrients comprising essential miner-
als and vitamins. The impact on brain development varies, depending on the speci fi c nutritional 
de fi ciency, its severity and the timing of the de fi ciency relative to the developmental stage. While 
functional limitations to optimal early childhood growth and development may also be attributable to 
genetic factors, infections, exposure to environmental toxins, perinatal and neonatal complications, 
poverty, trauma, or combinations of these factors, undernutrition is perhaps the most commonly and 
most convincingly reported risk factor for developmental disabilities globally  [  6  ] .  

   Signi fi cance of Hearing Impairment in Infancy 

 Undernutrition is not only a risk factor for a wide spectrum of developmental disabilities such as 
sensori-motor, cognitive, intellectual and behavioral de fi cits but also a consequence of developmental 
disabilities. Of all developmental disorders associated with undernutrition, hearing impairment origi-
nating in utero or in early infancy is of special interest because its detection and intervention after the 
 fi rst year of life portend signi fi cant adverse consequences which transverse almost all developmental 
domains. The effects manifest in signi fi cant and often life-long de fi cits in gross and  fi ne motor skills 
 [  7  ] , cognitive performance  [  8  ] , speech and language development  [  9  ] , and psychosocial development 
 [  10  ] . The pattern of emotional, intellectual, physical, and social development varies within each child 
and from child to child. However, children with hearing impairment are often faced with greater 
developmental challenges compared to their hearing peers. 

 Studies have long demonstrated that a 1 year-old child has a neural mechanism which probably 
since the sixth month of fetal life has been engaged in a process of separating out those sound patterns 
which are signi fi cant for auditory functioning from the cacophony of the intrauterine and then extra-
uterine environment  [  11  ] . Thus adequate auditory stimulation in infancy is a prerequisite for optimal 
speech and language development as well as the acquisition of optimal literacy skills. At school age, 
hearing impairment signi fi cantly undermines educational development. This disadvantage continues 
into adulthood with signi fi cant economic and vocational consequences  [  12,   13  ] , as well as substantial 
lifetime costs to the society  [  14,   15  ] . 

  Fig. 15.1    Sequence of human brain development (Grantham-McGregor et al.  [  1  ] , Reproduced with permission of 
Elsevier)       
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 The timing and duration of sensory maturation within the sequence of the ontogenetic events in 
brain development also clearly supports the need for priority intervention for hearing impairment in 
infancy (Fig.  15.1 ). It is therefore not surprising that early detection and intervention of infants with 
or at risk of hearing impairment is now routinely mandated in many developed countries while similar 
initiatives are gradually emerging in developing countries  [  16  ] .  

   Overview of the Auditory System and Pathway 

 The ear develops from three distinctly different parts in the developing embryo: the ectoderm, endo-
derm, and mesoderm. The de fi nitive auditory structures from the three embryonic germ cell layers are 
summarized in Table  15.1 .  

 The auditory system is generally considered as an objective and sensitive window into the entire 
central nervous system and comprises of the peripheral and the central auditory pathways. The periph-
eral auditory system consists of the external or outer ear, middle ear, and the inner ear (Fig.  15.2 ).  

 The central auditory system begins with the cochlea nucleus and traverses the brainstem up to the 
auditory cortex in the temporal lobe (Fig.  15.3 ). It consists of the ascending and descending neural 
 fi bers with many synaptic stations. The ascending neural pathways from each ear diverge above the 

   Table 15.1    Auditory structures and the embryonic germ cell precursors   

 Embryonic germ layers  De fi nitive auditory structures 

 Ectoderm from 22 days  Cochlea, spiral ganglion, outer layer of tympanic membrane, cartilaginous portion 
of external auditory canal and pinna  Endoderm from 28 days 

 Eustachian tube, lower half of the middle ear and medial layer of tympanic membrane  Mesoderm from 49 days 
 Ossicles (malleus, incus, and stapes), mastoid process, temporal bone and middle layer 

of tympanic membrane 

  Fig. 15.2    Peripheral auditory system       
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  Fig. 15.3    The auditory pathway from the cochlea to the auditory cortex       
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level of the cochlear nuclei resulting in bilateral representation in both primary auditory cortices. 
Consequently unilateral lesions above the cochlear nucleus which do not cross the midline do not 
produce total unilateral hearing loss. The primary auditory cortex is the  fi nal relay station for the 
interpretation of speech signals and together with all the auditory processing centers (the superior 
olivary complex, the lateral leminisci, the inferior colliculus, medial geniculate body, and the tempo-
ral radiations) rostral to the auditory nerve constitutes the central auditory system.  

 The process of hearing begins with the collection of sounds in the outer ear which are then trans-
mitted through the middle ear ossicles or ossicular chain into the cochlear. Inside the cochlea are 
highly specialized hair cells which convert the incoming sound energy into electrical signals or 
impulses for transmission through the eighth nerve to the brain for processing and interpretation. 
Hearing is impaired if there is any obstruction or malfunctioning anywhere along the entire auditory 
pathway.  

   Evaluation of the Auditory Function 

 Tests of the auditory function can be objective (requiring no active participation of the subject) or 
subjective (requiring active responses from the subject). However, unlike objective tests which can be 
conducted from birth, subjective tests can only be conducted reliably as from late infancy (ideally 
from 9 months of age). The most prominent objective tests of hearing are otoacoustic emissions 
(OAE) and auditory brainstem response (ABR) while the subjective tests are visual and/or behavioral 
response audiometry and speech tests. Higher level brainstem and cortical tests for binaural integra-
tion and temporal patterning are only just emerging. 

 OAE is a physiological test for the speci fi c measure of the integrity of the outer hair cells in the 
cochlea. OAEs, also known as cochlear echoes, are low intensity sounds originating from the active 
ampli fi cation of the outer hair cells and can be elicited in response to clicks or tone bursts presented 
to the ear. The test will not detect any retro-cochlear dysfunction of the inner hair cells and beyond 
such as auditory neuropathy spectrum disorder (ANSD). ANSD is a type of hearing impairment in 
which normal outer ear cell function of the cochlea coexists with abnormal or dys-synchronous ABR. 
OAE is therefore of limited clinical value in evaluating the full spectrum of the impact of nutritional 
de fi ciencies on the auditory system. 

 In contrast, the ABR is an electro-physiological measure of the function of the auditory pathway 
from the eighth cranial nerve through the brainstem (Fig.  15.3 ) and correlates with brain maturation 
and development. The test is generated from responses to a series of auditory (click/tone) stimuli 
presented at various intensities. It is therefore a useful indicator of the degree of disruption to the 
central nervous system resulting from undernutrition. ABR consists of seven waves (I–VII) but waves 
I–V are more commonly studied (Fig.  15.4 ). The ABR wave I response is believed to originate from 
afferent activity of the cranial nerve (CN) VIII  fi bers ( fi rst-order neurons) as they leave the cochlea, 
wave II is generated by the proximal VIII nerve as it enters the brain stem through the internal audi-
tory canal. ABR wave III arises from second-order neuron activity.  

 The cochlear nuclei, the trapezoid body, and the superior olivary complex have been suggested as 
possible sites of origin for wave III. The ABR wave IV, which often shares the same peak with wave 
V, is thought to arise from pontine third-order neurons mostly located in the superior olivary complex. 
Wave V is believed to originate from the inferior colliculus in the mid-brain while thalamic (medial 
geniculate body) origin is suggested for the generation of waves VI and VII. The distal portion of the 
waveform extends from the cochlea nerve (waves I & II) to the dorsal and ventral cochlear nuclei 
(wave III). Waves IV and V constitutes the proximal portion of the waveform. The wave V amplitude 
and inter-peak latency (IPL) I–V (central conduction time) are often signi fi cantly correlated with the 
degree of hearing loss. Maturation of the waveforms occurs in terms of increasing amplitude and 
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decreasing duration of IPL I–V in the  fi rst year of life to reach the  fi nal adult values by the second 
year. Since wave I has the shortest course it reaches adult values by the age of 2–3 months while wave 
V with the longest time course may not reach adult values until the second year. Wave III generally 
occurs midway between waves I and V. Since the ABR in undernourished infants are likely to be 
abnormal, the abnormalities will more readily reverse or improve with nutritional therapy but may 
still be signi fi cantly different from the ABR of well-nourished infants.  

   Types and Grades of Hearing Impairment 

 The term “hearing impairment” is used as a generic term to describe the loss of hearing sensitivity in 
one or both ears and it is commonly used interchangeably with “hearing loss”. Hearing impairment 
can be classi fi ed according to the type of impairment, time of onset and the causality. Hearing impair-
ment affecting the external or middle ear is “conductive” and usually transient because full recovery 
can be achieved with appropriate treatment. This is commonly as a result of occluding wax in the ear 
canal, perforations in the tympanic membrane or otitis media with effusion due to infections in the 
middle ear. However, conductive hearing impairment associated with structural defects or chronic 
otitis media may be permanent. Hearing impairment is termed “sensorineural” and permanent when 

  Fig. 15.4    Typical auditory brainstem response waves for left and right ears at stimulus levels 20–80 dBnHL          
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the cochlea or the eighth nerve as far as the auditory cortex in brain is damaged. “Mixed” hearing 
impairment results from the involvement of both the conductive and sensorineural components in an 
individual. By etiology, time of onset or pattern, hearing impairment can be classi fi ed as congenital, 
perinatal, or postnatal; hereditary or acquired; sudden,  fl uctuating or progressive. By degree of sever-
ity, hearing impairment can be categorized as slight (16–25 dBHL), mild (26–40 dBHL), moderate 
(41–55 dBHL), moderately severe (56–70 dBHL), severe (71–90 dBHL), and profound (>90 dBHL) 
measured by pure-tone averages over octave frequencies 0.5, 1.0, 2.0, and 4.0 kHz  [  17  ] . 

 Hearing impairment in early childhood is generally considered as signi fi cant when its duration and 
degree is capable of causing auditory deprivation that would interfere with normal speech and lan-
guage development. By duration, hearing loss must be persisting or permanent to have a signi fi cant 
impact on speech and language development. This would include sensorineural hearing loss and per-
manent (rather than transient) conductive hearing loss resulting from recurring otitis media. The 
World Health Organization (WHO) previously de fi ned “disabling hearing impairment” in children 
under the age of 15 years as a permanent unaided hearing threshold level in the better ear of 31 dBHL 
or more  [  18  ] . However, this classi fi cation excludes children with unilateral hearing loss of any degree 
as well as those with mild hearing loss. There is ample evidence that children with mild or unilateral 
permanent hearing loss may experience dif fi culties with speech, language, educational and psychoso-
cial development  [  19–  21  ] . 

 The term “hearing impairment” in this chapter refers to unilateral or bilateral sensorineural hearing 
loss that is mild, moderate, severe or profound, and may or may not be accompanied or preceded by 
a middle-ear dysfunction consistent with the current international de fi nition of functioning and dis-
abilities in infants and young children  [  22  ] . Although middle-ear infections such as otitis media with 
effusion associated with undernutrition may result in permanent conductive hearing impairment  [  23  ] , 
this chapter will not discuss the complex interrelationships between undernutrition, infections, and 
hearing impairment.  

   Pathways Between Undernutrition and Hearing Impairment 

 Possible pathways for the effects of undernutrition on hearing impairment can be conceptualized as 
shown in Fig.  15.5 .  

Micronutrient
deficiency

Protein-energy
deficiency

Undernutrition

Prenatal

Postnatal

Direct

Indirect

Hearing
impairment

Type Timing Pathway

  Fig. 15.5    Pathways for hearing impairment associated with undernutrition       
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 The effects of undernutrition can occur prenatally or postnatally and affect the auditory system 
directly or indirectly. The indirect pathways include infections and in fl ammation along the auditory 
system or through adverse pregnancy outcomes such as preterm delivery, low birth weight, and intra-
uterine growth retardation. However, this chapter will not explore the relationship between these 
adverse pregnancy outcomes and hearing impairment.  

   Micronutrient De fi ciencies 

 Micronutrients most commonly associated directly or indirectly with hearing impairment are iodine, 
iron, zinc, and vitamins A, B 

12
 , and D. 

   Iodine 

 Iodine is a trace element and a critical component of at least two thyroid hormones (thyroxine or T4, 
and tri-iodothyronine or T3) vital for human functioning as from 10 to 12 weeks in utero. Fetal thyroid 
function is dependent on maternal thyroxine for neuronal migration and myelination of the fetal brain. 
Both maternal and fetal thyroid hormones are therefore involved in the interaction between iodine 
de fi ciency and brain development. Iodine de fi ciency is a common cause of maternal and fetal hypo-
thyroidism frequently accompanied by postnatal hypothyroidism. Iodine-de fi ciency disorders also 
include hypertrophy and hyperplasia of the thyroid gland (goiter) due to increased secretion of follicu-
lar stimulating hormone in response to low levels of iodine. The most severe form of iodine de fi ciency 
in utero causes endemic cretinism characterized by mental retardation, short stature/dwar fi sm, deaf-
mutism (or profound hearing loss) and spasticity. Thus the association between iodine de fi ciency and 
neurological de fi cits including deafness is direct. While the effects of iodine de fi ciency can be con-
genital or acquired, the postnatal effects on brain development are not yet fully understood  [  24,   25  ] . 

 Hearing impairment is perhaps the most prominent neurological de fi cit associated with iodine 
de fi ciency  [  26,   27  ] . The association between iodine de fi ciency and hearing loss was probably  fi rst 
reported by Bircher in 1883 long before the discovery of ABR in the late 1960s and has since been 
extensively reported in the literature. The site of the lesion in the auditory pathway could be in the 
middle ear, cochlea and/or retrocochlea suggesting that iodine de fi ciency could be associated with 
conductive, sensorineural or mixed hearing impairment and of various degrees of severity  [  28,   29  ] . 
However, the exact timing of the vulnerability of the auditory system to iodine de fi ciency and of the 
events during and after the prenatal period remains unclear  [  30,   31  ] . 

 Notwithstanding, several studies in geographical areas with widespread iodine de fi ciency have 
shown that the vast majority of persons with neurological endemic cretinism are associated with deaf-
mutism or various degrees of hearing loss if untreated. In a multi-ethnic group of 1,222 healthy chil-
dren (aged 10 months to 4 years) living in France, the risk of high frequency hearing loss was 
signi fi cantly higher among children with mild-to-moderate (10  m g/100 mL) iodine de fi ciency  [  32  ] . In 
another study from China, iodine content in the hairs of deaf children was found to be much lower 
than in normal hearing children  [  33  ] . Additionally, the hearing thresholds in apparently normal per-
sons residing in iodine-de fi cient areas have been observed to be higher than hearing thresholds of 
persons living in areas without iodine de fi ciency. Hypothyroidism resulting from iodine de fi ciency or 
other factors is also well established as a cause of hearing impairment. For example, studies linking 
hypothyroidism or endemic cretinism in utero with severe hearing impairment or deaf-mutism 
have observed very low iodine levels in the affected children  [  26  ] . Similarly, the long-term effects of 
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hearing impairment in children with hypothyroidism in functional domains of language and auditory 
processing skills have also been documented  [  28  ] . In one of the rare studies linking undernutrition 
with ANSD François et al. reported the presence of OAE but abnormal ABR in 6 of the 11 newborns 
with congenital hypothyroidism recruited for their study which investigated the site of lesion in the 
auditory pathway  [  34  ] . 

 In one double-blind placebo-controlled intervention study in school children in Benin, van den 
Briel et al. investigated the hearing thresholds across seven frequencies (0.25, 0.5, 1.0, 2.0, 3.0, 4.0, 
and 6.0 kHz) in relation to four different iodine status or biochemical concentrations: serum thyro-
globulin, serum thyrotropin, serum free T4 and urinary iodine  [  35  ] . Only serum thyroglobulin con-
centration was found to be signi fi cantly correlated with mean hearing thresholds. Children with higher 
concentrations of thryroglobulin had higher hearing thresholds than those with lower concentrations 
of thyroglobulin and the differences were more prominent in the higher frequency range (2.0–6.0 kHz). 
Although median urinary iodine is considered as the main indicator of iodine status of a population, 
serum thyroglobulin concentration is perhaps regarded as a more sensitive indicator than thyrotropin 
or free thyroxine in school-aged children  [  25,   35  ] . 

 While current evidence suggests that cognitive impairment of children living in areas of iodine 
de fi ciency may at least reverse partially, the impact of iodine de fi ciency on hearing thresholds follow-
ing treatment remains a subject of debate. In their study of 120 school children living in endemic areas 
of severe iodine de fi ciency and 30 children living in a non-endemic area in China, Wang and Yang 
found that hearing impairment reversed in apparently normal children in the iodine-de fi cient areas 
1 year after the provision of iodine prophylaxis  [  27  ] . Anand et al. investigated 20 patients with hypo-
thyroidism before and after treatment with levothyroxine in India and found de fi nite improvement in 
posttreatment audiometry and tympanometry but not with ABR. In contrast other researchers have 
demonstrated that hearing impairment may persist even after iodine treatment  [  36,   37  ] . Evidently, the 
exact mechanisms and causal relationships between iodine de fi ciency and various aspects of the audi-
tory system are still not fully understood. However, the prospects of hearing impairment reversibility 
are higher with early treatment. 

 The vast majority of available studies exploring the impact of iodine de fi ciency on hearing impair-
ment have been conducted among older children or adults. However, the observed hearing impair-
ments in these studies were most likely to be congenital or of early postnatal onset considering that 
the adverse effects of iodine de fi ciency are greatest during these periods. It is also pertinent to men-
tion that circulating maternal auto antibodies to thyroid peroxidase often linked with defective neu-
ronal migration during the third trimester of pregnancy has also been associated with impaired auditory 
development. While Pendred syndrome, an autosomal recessive disorder, is commonly associated 
with non-endemic goiter and progressive hearing loss the mechanism is unrelated to iodine de fi ciency 
but rather to a defect in the incorporation of iodide into thyroxine molecule (iodide transport).  

   Iron 

 Iron is not only an important nutrient but also an essential element for the production of myelin and 
neurotransmitters such as dopamine, serotonin, and norepinephrine. This effect on the maturation of 
neural cells makes iron an essential component in normal neurological activity. Iron de fi ciency is com-
mon in pregnant women and infants worldwide and therefore constitutes a major health problem. The 
signi fi cance of iron de fi ciency on the developing brain extends well beyond the well recognized overt 
anemia from decreased heme proteins to neural conduction de fi cits as well as cognitive and behavioral 
disorders. Iron is an established essential substrate for normal myelin production and the immediate 
postnatal period is the time when uptake of iron by oligodendrocytes involved in the synthesis of 
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myelin is at its peak  [  38  ] . Myelin is produced from fatty acids and cholesterol and it is essential for the 
normal conduction of electrical signals in the central nervous system as well as the auditory system. 

 Although several studies have linked iron de fi ciency to anemia, only limited studies have explored 
the effects on the central nervous system  [  39  ] . Available studies link iron de fi ciency to delayed matu-
ration of the ABRs and by implication hearing loss. While some researchers have reported association 
between iron de fi ciency and abnormal ABR  [  38,   40–  42  ] , others have reported negligible or no asso-
ciation  [  43–  45  ] . For instance, in a study of 55 otherwise healthy 6 months old Chilean children (29 
with iron de fi ciency anemia and 26 non-anemic controls) by Roncagliolo and colleagues, the IPL I–V 
or central conduction time was prolonged in the anemic group and the differences became more pro-
nounced at 12- and 18-months follow-ups despite effective iron therapy  [  38  ] . Although the effective-
ness of iron therapy in children older than 2 years is well established this group of iron-de fi cient 
infants at the age of 6 months were resistant to iron therapy suggesting a long-lasting effect of iron 
de fi ciency on brain function in early infancy. 

 Other studies have also linked iron de fi ciency anemia to delayed maturation of the auditory brain-
stem from increased absolute and inter-peak latencies and sometimes reduced amplitudes of the brain-
stem-evoked waveforms  [  30,   42  ] . In contrast, Sarici et al. investigated ABR patterns among 20 
iron-de fi cient infants compared to their 20 age-matched controls in Turkey before and after iron sup-
plementation  [  44  ] . They found no signi fi cant differences among the iron-de fi cient and control groups 
before and after treatment for any of the waves I, II, III, IV, and V as well as the inter-peak latencies 
I–III and I–V. A similar study in 2006 also from Turkey con fi rmed this  fi nding in a group of iron-
de fi cient infants with or without anemia although slight decreases in latencies were observed after 
treatment compared with controls  [  43  ] . 

 Whereas postnatal iron de fi ciency is responsive to treatment, it appears to be long-lasting and 
resistant in the prenatal form. Possible pathways from available research include the direct disruption 
of the central conduction time and decrease in dendritic growth and aborization as well as synapse 
formation; or indirectly through functional regulation of neurotransmitters such as dopamine, sero-
tonin, and  g -amino butyric acid. 

 The direct effect on neural conduction velocity is evident in delays from the prolongation of abso-
lute as well as inter-peak latencies as a result of possible defects in myelin production and mainte-
nance as demonstrated by Roncagliolo and colleagues  [  38  ] . In their study of 55 children, the late 
components IPL III–V from ABR waves III, IV, and V were most affected. The hypothesis that altered 
myelination is the most likely explanation is supported by the differences in latencies rather than 
amplitudes especially with late ABR components as well as the longer central conduction time which 
serves as an overall measure of nerve conduction velocity. Further animal studies in the myelin mutant 
taiep rats with electron microscopy and electrophysiologic examination demonstrated adequate myeli-
nation (Schwann cells) in the peripheral portions of the auditory nerve as well as normal responses 
(wave I), while the brain stem portion was completely demyelinated in adult rats. 

 The indirect effect of iron de fi ciency is evident in neurochemical abnormalities and impaired neu-
ral development especially where iron is a co-substrate. Neurotransmitters have a range of inhibitory 
and excitatory functions such as  g -amino butyric acid (GABA), dopamine and serotonin and phenyla-
lanine. For instance, GABA inhibits glutamate with a regulatory effect of the hypothalamic-hypophy-
seal hormones responsible for behavior regulation and changes in neurotransmitter activities have 
been advanced as a possible explanation for the observed clinical and possibly neurological abnor-
malities in iron de fi ciency. 

 From the available evidence, the role of iron de fi ciency in hearing impairment is still a subject of 
debate. Evidence establishing clear pathways for instance, in support of the decrease in dendritic 
growth and aborization as well as synapse formation are sparse. Further human studies demonstrating 
causal relationship between iron de fi ciency and hearing impairment are required especially in popula-
tions where iron de fi ciency anemia is prevalent.  
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   Zinc 

 Zinc is a trace element that is of vital importance for the survival and normal physiologic functioning 
of all living cells. It has antioxidant properties and plays an important role in cell metabolism, growth 
and cognitive functioning. The cochlea and vestibular labyrinths have the highest concentration of 
zinc while the prostrate, hair, nails, iris and cornea of the eye have lower but signi fi cant amounts. 
Since structures with the highest concentration of micronutrients suffer most for its de fi ciency, the 
cochlea is likely to suffer the most. However, the relationship between zinc de fi ciency and hearing 
loss remains unclear. 

 For example, progressive sensorineural hearing loss linked with zinc de fi ciency showed improve-
ment in hearing after treatment with zinc supplement  [  46  ] . Another study of individuals with sudden 
sensorineural hearing loss con fi rmed the effectiveness of zinc therapy regardless of their hearing lev-
els  [  47  ] . Furthermore, the protective effect of zinc on cochlea hair cells from pneumolysin- and cad-
mium-induced ototoxicity and its interference with the apoptotic cascade has been reported in animal 
studies  [  48  ] . In contrast, Hoeve and colleagues did not observe any difference in the organ of Corti or 
the vascular striae among rats fed with zinc de fi cient diet and their controls from microscopic exami-
nation of the cochlea  [  49  ] . This was consistent with the report by Wensink et al. which demonstrated 
that dietary zinc de fi ciency for up to 26 weeks had no effect on wave I–IV interval compared to zinc-
adequate rats  [  50  ] . Further studies are therefore required to clarify the association and mechanism 
between zinc de fi ciency and hearing loss in humans from infancy.  

   Vitamin D 

 Vitamin D de fi ciency from impaired metabolism is a common cause of rickets in infants. The 
de fi ciency of calcium or phosphate in breast milk is a common cause vitamin D de fi ciency especially 
in low-income countries. It is postulated that because ionized calcium is necessary for normal nerve 
function vitamin D de fi ciency may cause sensorineural hearing loss directly or exert a secondary 
effect by modifying calcium metabolism  [  51  ] . For example, de fi ciency of ionized calcium may inhibit 
the release of neural transmitter substances thus adversely affecting the auditory evoked potentials of 
the cochlea. However, Irwin found no link between vitamin D de fi ciency and hearing loss in his adult 
patients  [  52  ] . Retro-cochlear deafness in hereditary vitamin-D-resistant rickets secondary to hyper-
parathyroidism causing osteosclerotic narrowing of the internal auditory canals has been reported 
although most of the relevant studies only established the links with hearing loss as from the age of 
5 years  [  53,   54  ] . Other studies in adults with vitamin D de fi ciency have also reported association with 
hearing loss  [  51,   55  ] . Evidently, studies on the hearing pro fi le of infants with nutritional rickets merit 
consideration.  

   Vitamin A 

 Although the effects of vitamin A have been extensively studied in relation to visual impairment, stud-
ies linking vitamin A de fi ciency directly with hearing loss in infancy are rare. However, studies have 
implicated vitamin A as a signi fi cant cause of acute otitis media in infants  [  23  ] , while animal studies 
have demonstrated that vitamin A de fi ciency increases susceptibility to noise-induced hearing loss 
 [  56  ] . Both animal and human studies are required to illuminate our understanding of the speci fi c role 
of vitamin A de fi ciency in infants with hearing loss.  
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   Vitamin B 
12

  

 While vitamin B 
12

  de fi ciency rarely occurs before the age of 4 months, it has been associated with 
developmental delays or disabilities in infancy and a greater risk of depression in adulthood  [  57  ] . 
Impact on early brain development through demyelination and in fl ammation which stimulates an 
autoimmune process that blocks intrinsic factor for cobolamin absorption have been postulated as 
possible pathways between vitamin B 

12
  de fi ciency and adverse childhood development. However, the 

association between vitamin B 
12

  de fi ciency and hearing impairment has not been investigated. Rather, 
several studies in both developed and developing countries have studied the link between vitamin B 

12
  

with age-related hearing loss with mixed outcomes. For example, Houston et al. found that poor audi-
tory function was consistently associated with low concentrations of serum vitamin B 

12
  and red cell 

folate in a sample of 55 healthy elderly women in USA even when controlled for age  [  58  ] . In contrast, 
one study from Nigeria only found an association between hearing loss and serum folate and not 
vitamin B 

12
  after adjusting for age  [  59  ] . Relevant cross-cultural studies are obviously required on the 

full spectrum of vitamin B 
12

  de fi ciency in infancy.   

   Protein-Energy De fi ciencies 

 Previously, the term “undernutrition” was used synonymously with protein-energy malnutrition or 
de fi ciencies but now broadly used to re fl ect the comorbidity of undernourished physical state with 
micronutrient de fi ciencies. It is heuristic to characterize the overall nutritional status of children by 
comparing their growth or attained weight or height for their age (and sex) with that of a reference 
population of generally healthy children. The anthropometric measures for each child expressed as 
standard deviation scores or  z -scores are typically categorized in nutritional terms as mild (−1.01 to 
−2.00 SD), moderate (−2.01 to −3.0 SD), or severe (<−3.0 SD) undernutrition. An undernourished 
child can be underweight, stunted and/or wasted. 

 Undernourished physical state resulting from protein-energy de fi ciencies has been associated with 
hearing impairment. While several studies have demonstrated independent links between speci fi c 
micronutrient de fi ciencies and child development, the pathways for the direct impact of protein-energy 
de fi ciencies on overall child development are less clear. This is partly because the association between 
protein-energy malnutrition and child development is often confounded by micronutrient de fi ciencies 
and socio-economic factors especially in low-income countries. In fact, it is dif fi cult to reliably disag-
gregate the effects of micronutrients from those of protein and calories in the vast majority of the avail-
able studies  [  60  ] . Notwithstanding, Ivanovic and colleagues demonstrated that undernutrition during 
the  fi rst year of life had long-term impact on brain development, intellectual quotient and scholastic 
achievement of poor high school graduates in Chile  [  61  ] . Several cross-sectional and longitudinal stud-
ies have also established association between undernutrition and cognitive, motor and behavioral 
development  [  60  ] . While trial studies on food supplementation showed concurrent bene fi ts to motor 
development, mental development, and cognitive ability, only limited evidence exists on the sustained 
bene fi ts of supplementation from pregnancy beyond the  fi rst 2 years of life  [  62  ] . 

 Several studies have explored the effects of protein-energy malnutrition on ABR in humans 
 [  63–  68  ] , but the relationship between protein-energy malnutrition and hearing impairment has been 
sparsely reported  [  69  ] . Conduction delay in the proximal ABR waves in the form of prolonged IPL III 
to V (IPL III–V) with consistent sparing of the distal waves (IPL I–III) has been documented in avail-
able studies. By implication, the prolonged IPL III–V is also extended to the central conduction time 
(CCT) IPL I–V. The CCT progressively decreases after therapeutic intervention but still remains 
higher than that of normal controls at follow-up. 



20115 Undernutrition and Hearing Impairment

 Durmaz et al. in their study of 11 infants with kwashiorkor and ten with marasmus compared with 
ten health controls in Turkey demonstrated signi fi cant differences among types of malnutrition  [  65  ] . 
The kwashiorkor group recorded the longest conduction time. This was corroborated in another study 
of a group of 22 children hospitalized for kwashiorkor in South Africa which showed evenly distrib-
uted abnormalities from waves I–V as well as IPL I–III, III–V, and I–V  [  67  ] . ABR abnormalities were 
reported as unrelated to several indices of growth retardation such as serum albumin and hemoglobin 
levels. Similarly, Vandana and Tandon documented prolonged latencies I, II, III, IV, I–III, and III–V 
in their study of 20 children with chronic malnutrition in India compared to 20 normal controls 
matched for age and sex  [  63  ] . They also reported lack of signi fi cant differences in the middle latency 
responses as well as the amplitude for waves I and V. The effects of ototoxic drugs have also been 
demonstrated in animal studies to be exacerbated by protein-energy de fi ciency  [  70  ] . 

 Limited studies have explored the contributions of micronutrient de fi ciencies in the reported rela-
tionship between protein-energy malnutrition and ABR abnormalities. For example, Odabas and col-
leagues from Turkey reported signi fi cant conduction time difference of wave I among children with 
protein-energy malnutrition and iron de fi ciency anemia  [  64  ] . This report would suggest that iron 
de fi ciency anemia has synergistic effect on the ABR conduction time that extends to the distal portion 
of the waveform in the cochlea nerve. Possible explanation is that iron de fi ciency anemia affects the 
production of myelin and neurotransmitters both of which may lead to further prolongation of the 
conduction time to the distal portion of the ABR waveform. 

 Available studies especially from the developing world where the vast majority of infants are born 
outside hospitals are hospital-based with small sample sizes and inherent selection bias. Perhaps the 
only community-based study that has linked gross protein-energy malnutrition with sensorineural 
hearing loss is that reported from a population of 3,386 full-term infants 0–3 months old in Nigeria 
 [  69  ] . Infants with any undernourished physical state were signi fi cantly associated with severe-to-
profound hearing loss compared to infants without any nutritional de fi cits. The hearing assessment 
protocol consisted of a  fi rst-stage test with transient evoked otoacoustic emissions (TEOAE) followed 
by automated auditory brainstem response (AABR) for those referred by TEOAE. TEOAE is a physi-
ological test of the integrity of the outer hair cells in the cochlea. All those who failed AABR were 
scheduled for diagnostic evaluation with tympanometry, ABR, and visual response audiometry. The 
nutritional indices of interest were weight-for-age (WAZ), body mass index-for-age (BMI), and 
length-for-age (HAZ) expressed as z-scores, based on the latest Multicentre Growth Reference (MGR) 
of the World Health Organization (WHO). While more than half (55 %) of the infants with hearing 
impairment were undernourished by at least one measure of growth and development, evidence from 
this study also suggested that infants who suffered from any undernourished physical state whether 
attributable to intrauterine growth retardation, maternal problems including her nutritional status dur-
ing fetal development or insults arising from infectious disease at or soon after birth were at signi fi cant 
risk of severe-to-profound sensorineural hearing loss very early in life. However, the contributions of 
micronutrient de fi ciencies to the observed association were not investigated. Related studies of both 
hospital-based and community-based cohorts from Nigeria based on WHO reference growth stan-
dards further demonstrated that full-term microcephalic infants were not only at signi fi cant risk of 
moderate-to-severe undernutrition compared to their normocephalic peers but also of sensorineural 
hearing loss regardless of whether the infants were born in or outside hospitals  [  71  ] . 

 Overall, the relationship between undernutrition and hearing impairment in infancy remains largely 
uncharted and merit research attention. Population or community-based data are urgently required in 
low-income countries where home birth constitutes a signi fi cant risk factor or marker for severe 
undernutrition. Such studies must be prospective and adequately powered to discriminate among 
potential confounders. Community-based well child centers for routine immunization offer a possible 
platform for advancing what is already known on the impact of undernutrition on overall growth and 
development in early childhood across all key developmental domains. The growing trend towards 
routine newborn and infant hearing screening as a standard of newborn care should also serve to 



202 B.O. Olusanya

enhance our current understanding of the complex relationship between all components of undernutri-
tion and hearing impairment. Such information is crucial for curtailing the burden of undernutrition 
especially in the most disadvantaged communities in the world.      
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      Key Points 

       Children with diabetes have essentially the same nutritional requirements as other children  • 
      Nutritional recommendations should include healthy eating practices for the whole family, taking • 
into account its culture, habits and customs  
      Frequent dietetic review should take place to take account of changes in dietary requirements and • 
habits with age  
      Nutritional management should be tailored to the child’s insulin regimen and should include • 
speci fi c advice to cover exercise and intercurrent illness      

  Keywords   Diabetes mellitus  •  Insulin  •  Nutritional requirements  

   Introduction 

 Diabetes mellitus is the most common metabolic disease of childhood and is characterised by a defect 
in the secretion or action of insulin. De fi ciency of insulin at tissue level results in abnormalities in the 
metabolism of carbohydrate, protein and lipid. Diabetes is diagnosed on the basis of blood glucose 
criteria and the presence or absence of typical symptoms such as polyuria, polydipsia, and weight loss 
 [  1  ]  (Table  16.1 ). In the absence of symptoms more than one blood glucose result is required in order 
to make a diagnosis.   

   Classi fi cation of Diabetes 

 Diabetes mellitus is not a single entity and can be classi fi ed according to aetiology  [  2  ]  (Table  16.2 ). 
This classi fi cation has important implications with respect to subsequent management of the 
condition.  

 Type 1 is the most common form of diabetes in childhood. Onset is typically acute with charac-
teristic diabetic symptoms and if untreated may progress to ketoacidosis, coma and death; treatment 
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is with insulin. The incidence of Type 1 is increasing; the EURODIAB study showed a 3.2% annual 
increase for 1989–1998 and a 3.9% increase for 1989–2003, with the highest increase in incidence 
in children under  fi ve years of age  [  3  ] . However, at present only about 4% of children with Type 1 
diabetes are under 2 years of age. Neonatal diabetes is very rare with an incidence of about 1 in 
400,000. Many cases are transient and associated with parental disomy and imprinting defects of 
chromosome 6  [  4  ] . 

 Type 2 diabetes occurs where there is insuf fi cient insulin secretion to meet increased requirements 
secondary to insulin resistance. It is often seen in association with other aspects of insulin resistance 
such as obesity, dyslipidaemia, hypertension, acanthosis nigricans and non-alcoholic fatty liver dis-
ease. Whilst it is being recognised with increasing frequency in childhood and adolescence  [  5  ] , it is 
rare before the second decade of life. The major nutritional consideration is correction or limitation of 
obesity. It is important to differentiate type 2 which often does not require insulin treatment and MODY, 
a group of monogenetic forms of diabetes from Type 1. MODY2, caused by defects in glucokinase is 
the form most likely to affect younger children. It causes a mildly raised blood glucose concentration, 
typically 5.5–8.5 mmol/L. In this condition the glucose is regulated at a higher “set point” which tends 
not to be associated with complications hence these children do not require treatment.  

   Aims of Nutritional Management 

 The aims of nutritional management of diabetes are presented in Table  16.3 .  
 Initial dietary advice should be provided to young children and their careers as soon as is practi-

cable after diagnosis, by a dietician with speci fi c training in paediatric diabetes. At this consultation 
simple advice should be given within the context of the family’s speci fi c eating habits and customs. 
The child’s usual food intake, speci fi c likes and dislikes and meal times should be discussed, together 
with relevant weekly activities, for example attendance at nursery or swimming lessons. A further 
appointment should be arranged for more detailed discussion, with follow-up as necessary in order to 

   Table 16.1    Criteria for the diagnosis of diabetes mellitus   

 Random plasma glucose  ³ 11.1 mmol/L in the presence of typical symptoms 
 Fasting plasma glucose  ³ 7.0 mmol/L 
 Plasma glucose  ³ 11.1 mmol/L at 2 h post glucose load during oral glucose tolerance test 

   Table 16.2    Classi fi cation of diabetes mellitus in childhood   

 Type 1 
  b -cell destruction leading to insulin de fi ciency 

 Type 2 
 Insulin resistance with relative insulin de fi ciency 
 Other speci fi c types 

 Genetic defects of  b -cell function, e.g. MODY 
 Genetic defects in insulin action, e.g. Rabson–Mendenhall syndrome 
 Disease of the exocrine pancreas, e.g. cystic  fi brosis 
 Endocrinopathies, e.g. Cushing’s syndrome 
 Drug induced, e.g. glucocorticoids,  a -interferon 
 Infections, e.g. congenital rubella 
 Uncommon immune-mediated forms, e.g. anti-insulin receptor antibodies, polyendocrine auto-immune de fi ciencies 

(APS I and II) 
 Other genetic syndromes associated with diabetes mellitus, e.g. Wolfram, Prader–Willi 
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deal with changes in the child’s growth and eating and exercise patterns and any speci fi c dietary issues 
that may arise.  

   Guidelines on Energy Balance and Individual Food Components 

 There is relatively little research looking speci fi cally at nutritional requirements in children with dia-
betes and current guidance is largely consensus based  [  6,   7  ]  using principles drawn from knowledge 
of general dietary requirements  [  8  ]  and nutritional management of adults with diabetes  [  9,   10  ] . This 
means that any dietary recommendations are suitable for the whole family who should ideally all be 
involved in making improvements to their diet based on healthy eating principles. Energy intake rec-
ommendations are given in Table  16.4 . Five portions of fruit or vegetables a day are also recom-
mended  [  11  ] .   

   Carbohydrate 

 Carbohydrate should form 50–55% of daily energy intake. The glycaemic index is a ranking of foods 
based on their acute glycaemic index compared to glucose. Carbohydrates with a low glycaemic 
index, such as wholegrain breads, pasta and low fat dairy products, cause a more gradual, less pro-
nounced rise in blood glucose than those with a high glycaemic index and are preferred dietary 
sources. In children denial of sucrose containing foods can be dif fi cult and they can be used in the diet 

   Table 16.3    Aims of nutritional management of diabetes   

 To improve health through healthy food choices and appropriate physical activity 
 To address individual nutritional needs, considering personal and cultural preferences and lifestyle 
 To provide suf fi cient and appropriate energy and nutrients for optimal growth, development and health 
 To achieve and maintain: blood glucose concentrations in the normal range 

 An appropriate body mass index 
 An optimal lipid pro fi le 
 Normal blood pressure 

 To reduce the risk of micro- and macro-vascular complications 
 To maintain quality of life 

   Table 16.4    Energy intake recommendations in diabetes mellitus in infants and children   

 Daily energy intake should be: 
 Carbohydrate 50–55% 

 Sucrose up to 10% of total 
 Fat 30–35% (up to 40% in  fi rst 2 years of life) 

 >10% Monounsaturated fat (up to 20% of total) 
 <10% Saturated fat +trans fatty acids 
 <10% Polyunsaturated fat 

 Protein 10–15% 
 Decreasing from 2 g/kg body weight in early infancy 
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in moderation, although sucrose-sweetened drinks have been noted to cause hyperglycaemia and have 
been associated with weight gain so are best avoided. 

 For children above the age of one year a daily dietary  fi bre content of 2.4–3.4 g/mJ is recom-
mended. A more practical approach is that the  fi bre requirement (g/day), for children over 2 years is 
age in years +5.  

   Fat 

 Fat should be limited to 30–35% of energy intake in older children, although infants and children up 
to 2 years may derive 40% of their energy intake from fat. Saturated fat, found in fatty meats, full fat 
dairy products and high fat snack food should be reduced with a relative increase in polyunsaturated 
and monounsaturated fat. Note that the use of reduced fat milk is not recommended for children under 
2 years of age as it is lower both in energy and fat soluble vitamin content than whole milk. Sources 
of polyunsaturated fat include sun fl ower oil and oily  fi sh. Ten to twenty percent of energy should be 
derived from monounsaturated fat, for example in olive and sesame oil, nuts and peanut butter.  

   Protein 

 Protein requirements fall during childhood, being highest in infancy. During childhood years protein 
should comprise 10–15% of total energy intake. Suitable sources include legumes,  fi sh, lean meat and 
low fat dairy products.  

   Trace Elements 

 Recommendations for vitamin and mineral consumption in infants and children with diabetes do not 
differ from those of other children  [  8  ] .  

   Salt 

 Salt intake is associated with hypertension and limitation of intake to less than 6 g/day is advised in 
all adults, particularly those with diabetes. Recommended maximum salt intakes for children are 
lower being <1 g/day until 1 year, <2g/day from 1 to 2 years and <3g/day from 4 to 6 years of age 
 [  12  ] . Dietary advice should be given regarding choice of low salt products and not adding salt to 
meals.  

   “Diabetic” Foods 

 The use of proprietary “diabetic” foods is discouraged. It should be possible to eat normally and 
healthy without recourse to such items which tend to be high in fat and sweet tasting, thus encourag-
ing unhealthy eating habits.  
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   Arti fi cial Sweeteners 

 These are sometimes classi fi ed as nutritive and non-nutritive. Nutritive sweeteners, such as fructose 
and the sugar alcohols sorbitol and xylitol, are only partially absorbed and excessive use will cause 
diarrhoea. Non-nutritive sweeteners include aspartame, saccharin and acesulfame K. Their consump-
tion in products such as diet drinks and low fat dairy products does not affect glycaemic control and is 
 acceptable in moderation.  

   Nutrition Advice for Different Insulin Regimens and Speci fi c Circumstances 

 In Western nations about 90% of childhood diabetes is Type 1. Acquired forms of diabetes are less 
likely to occur in infants and young children than in older children and adolescents. Immediately after 
diagnosis with Type 1, children may experience a “honeymoon period” during which insulin require-
ments are low and it is relatively easy to maintain good glycaemic control. After this, as insulin 
requirements increase, more intensive regimens may be required to achieve the same degree of gly-
caemic control. The twice daily injections using a combination of short/rapid and intermediate acting 
insulin before breakfast and the evening meal can be used in young children. Three meals and three 
snacks are recommended to ensure optimal glycaemic control and daily carbohydrate consumption 
should be reasonably consistent. Treatment of hypoglycaemia should be with short acting carbohy-
drate followed by a longer acting form. Older children may achieve better control using three injec-
tions—a mixture of short/rapid and intermediate before breakfast, short/rapid before the evening meal 
and intermediate acting in the evening. More intensive diabetes management may be achieved using 
multiple daily injections with a basal dose of long-acting insulin and rapid acting insulin before meals 
although tends to be used more in teenagers whose daily routine is more variable than that of younger 
children. It allows greater  fl exibility in meal timing and quantities although requires an ability to 
adjust insulin dose according to the carbohydrate content of the meal. Snacks between meals are not 
a necessity and only short acting carbohydrate is required to treat hypoglycaemia. An alternative to 
this is continuous subcutaneous infusion (insulin pump therapy) in which a continuous subcutaneous 
infusion of basal insulin is given with bolus doses to match carbohydrate eaten. Insulin pumps have 
been used successfully, even in very small children and babies.  

   Exercise 

 Children with diabetes should be encouraged to participate in regular exercise to promote cardiovas-
cular health and aid achievement or maintenance of an optimal body weight. Many older children with 
diabetes engage in physical training and competitive sports. For younger children exercise is often 
part of their normal daily activity and can be managed accordingly. Addition, anticipated regular 
exercise such as weekly football practice may be able to be accommodated by a change in meal plan 
and reduction in insulin dose on that day. Unplanned exercise should be managed by use of short-
acting carbohydrate, careful monitoring of blood glucose and subsequent reduction of long-acting 
insulin if necessary to prevent delayed hypoglycaemia.  
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   Illness 

 Young children are prone to frequent intercurrent illnesses. These can make diabetes hard to manage, 
particularly if accompanied by nausea or vomiting. Speci fi c advice to parents includes continued 
administration of insulin, monitoring of blood glucose and testing for the presence of ketones. Dietary 
management involves provision of regular carbohydrate, if necessary as small frequent snacks rather 
than larger meals.  

   Age-Speci fi c Advice 

   Infants 

 Exclusive breastfeeding is recommended, with weaning in line with general recommendations for 
infants  [  13  ] . Infants whose mothers have chosen not to breast feed should be given an appropriate 
formula milk. Regular feeding, for example every 3–4 h will help maintain euglycaemia. The diagno-
sis of diabetes in very young children poses particular management problems and great concerns for 
parents and carers. Infants do not exhibit classical catecholamine responses to hypoglycaemia not are 
they able to easily communicate any sensations associated with hypoglycaemia that they do experi-
ence. Hypoglycaemia is therefore particularly feared in this age group. In addition, as the brain of 
young children is still developing the adverse risk of hypoglycaemia is potentially greater than in 
older children. Some consider less strict glycaemic control is appropriate in this age group and in pre-
school children  [  14  ] . However, there is some evidence that hyperglycaemia may impair cognitive 
performance  [  15  ] , reinforcing the need for good glycaemic control.  

   Toddlers 

 In toddlers dietary management may be problematic as tantrums, “pickiness” and food refusal are 
common. As relaxed an approach to mealtimes as is possible should be adopted so that negative food-
related behaviours are not reinforced. Carbohydrate should be substituted for any food refused but not 
in the form of snack food.  

   Young Children 

 Young children can begin to participate in aspects of their own diabetes care such as helping with 
aspects of blood glucose testing and can begin to understand their dietary needs. At this age they begin 
to spend time away from their own home at nursery, school and with friends. All those involved in the 
care of a child with diabetes will need to be educated about the condition and its treatment and dietary 
management. 

 The major role of nutritional management in diabetes in infants and young children is in the treat-
ment of those who have type 1 diabetes and are insulin dependent. The fundamental principles of 
nutrition do not differ from those of other children, although there is less  fl exibility with respect to 
timing of meals and dietary carbohydrate content. In younger children food intake tends to be erratic 
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at times due to behavioural issues and intercurrent illness and hypoglycaemia is harder to recognise 
making management more dif fi cult.       
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      Key Points 

    Children are susceptible to the negative consequences associated with a prolonged metabolic • 
response to stress.  
  Resting energy expenditure in critically ill children may vary but is predominantly hypometabolic.  • 
  The optimal energy, protein, and nutrient requirements in critically ill children are unknown.        • 

  Keywords   Metabolic response  •  Metabolic response to stress  •  Critical illness  •  Surgery  •  Cytokines  
•  Critical illness  •  Immunoparesis  •  Malnutrition  •  Obesity  •  Nutrition assessment  •  Energy require-
ments  •  Resting energy expenditure  •  Pharmaconutrition  •  Macronutrients and micronutrients  • 
 Antioxidants  •  Nutrition support  

   Introduction 

 This chapter provides a basic overview of the metabolic response to stress. A considerable amount of 
knowledge regarding the metabolic response to stress has been obtained by studies in adults. Many 
factors are involved in the physiological response to stress, thereby impacting nutritional needs 
throughout this phase of illness. Current interest has propelled studies in pediatrics identifying unique 
characteristics of this response during critical illness and in several forms of surgery including gen-
eral, cardiac, and minimally invasive surgery (MIS). 

 Children have different age-related nutrient and energy requirements than adults due to their need 
for growth and development. Although there are many nutritional screening tools designed to identify 
individuals at nutritional risk, only a few have been validated. Predictive equations are used exten-
sively to determine energy requirements in adults and children but are highly prone to both over and 
underestimating of energy requirements in the hospitalized patient  [  1,   2  ] . While better knowledge on 
optimal energy requirements during critical illness is needed, there is an even greater paucity of data 
regarding the optimal macronutrient and micronutrient needs in critical illness. Pharmaconutrition is 
the study of the pharmacologic bene fi ts of therapeutic use of speci fi c nutrients in various disease 
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states and trauma. This is an emerging area of research. Despite the obvious importance of providing 
nutrition during critical illness, there are numerous barriers to initiating and sustaining nutritional 
support. These will be reviewed.  

   Metabolic Response to Stress: Overview 

 Stress is de fi ned as a disruption of the body’s homeostasis  [  1  ] . In response to stress the human body 
initiates sequential responses termed the metabolic response to stress. This response is aimed at deal-
ing with noxious stimuli that could potentially alter health and well-being. Noxious stimuli may 
include, but are not limited to, infection, trauma, and/or surgery. Infants, children, and adults all expe-
rience the metabolic response to stress, though it varies somewhat in the different age groups  [  1  ] . 

 Over the past 20 years there has been a substantial increase in the knowledge and awareness of the 
metabolic response during critical illness, trauma, and surgery. Short-term response to stress in the 
human body is bene fi cial, but prolonged stress may actually cause harm. Increased knowledge has 
facilitated ongoing changes in medical practices, treatment, and research to minimize the potential 
detrimental effects that can occur. During prolonged periods of stress, infants and young children, 
more so than adults, are particularly susceptible to the detrimental effects of stress  [  2–  4  ] . 

 Cytokines are chemical messengers that regulate both local and systemic immune function and are 
initiated by nuclear factor kappa  b  (NF-k b )  [  1,   5  ] . Cytokines play an integral role in regulation of the 
in fl ammatory response to stress, infection, trauma, and surgery. Various types of cytokines have been 
identi fi ed and characterized as anti-in fl ammatory, proin fl ammatory, or both. Upon release into the 
circulatory system, cytokines exhibit autocrine and paracrine functions as well as modulation of gene 
expression in speci fi c cells  [  1  ] . 

 The initiation of cytokine production alters macronutrient metabolism (protein, carbohydrate, and 
lipid). Short term, this is an adaptive mechanism. Once the body’s limited glycogen stores are depleted 
through glycogenolysis, gluconeogenesis ensues. Gluconeogenesis is the provision of energy from a 
nonglucose source (protein, fat) and associated with elevated levels of catecholamines (epinephrine, 
norepinephrine, dopamine) and counterregulatory hormones (cortisol, glucagon). This results in insu-
lin resistance and decreased levels of growth hormones. This in turns provokes catabolism of skeletal 
muscle (Fig.  17.1 , Metabolic Response)  [  6,   7  ] . The catabolism of muscle results in mobilization of 
free amino acids. This mobilization yields a decreased synthesis of structural proteins such as albumin 

  Fig. 17.1    Metabolic 
response overview of the 
pathway to skeletal muscle 
breakdown       
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and other protein constituents required for tissue repair. As a consequence, there is increased synthesis 
of nonstructural proteins, such as C-reactive protein,  fi brinogen, enzymes, cytokines, and production 
of glucose via gluconeogenesis  [  2,   4,   7  ] . Prolonged skeletal muscle catabolism can result in negative 
consequences especially in infants and young children due to their limited muscle (protein) reserves. 
This can potentially lead to respiratory and heart muscle compromise. Due to the elevated levels of 
catabolic hormones (catecholamines and counterregulatory), growth is halted during this phase. 
Approximately one-third of energy needs in infants are for growth.  

 Contrary to starvation, providing exogenous glucose or excessive energy does not halt these mech-
anisms but instead excessive amounts generate lipogenesis. Providing exogenous protein has a major 
role in minimizing muscle protein loss but does not halt the metabolic process and a negative protein 
balance continues  [  3  ] . 

   General Characteristics of Metabolic Response in Critical Illness 

 Proin fl ammatory cytokines that are in the body in increased levels during sepsis, trauma, and the 
postperative period promote increased lipolysis of adipose tissue but may alter lipase function  [  8  ] . 
Excessive lipid administration may result in impairment of leukocyte and platelet function, impaired 
pulmonary function, and hypertriglyceridemia. Consequences are an increase in serum fatty acids, 
fatty liver, tachypnea, and hypercarbia. Little data is available depicting the ability of infants to oxi-
dize lipids during critical illness or sepsis  [  8  ] . 

 The type of anesthetic agents used during surgery or in critical illness helps offset the metabolic 
response to stress. For example, the opioid anesthetic fentanyl has been shown not only to decrease 
muscle protein breakdown but also to reduce the postoperative endocrine stress response thereby 
blunting the intensity of the physiological response to stress  [  1  ] . 

   General Characteristics of Metabolic Response After Surgery 

 Surgical stress induces the in fl ammatory response as outlined in the metabolic response to stress 
overview. A portion of the cytokines or chemical mediators generated during the response are derived 
from the surgical wound as a direct result of local cellular injury followed by release of cytokines into 
the systemic circulation  [  1  ] . 

 Stimulation of the immune response is thought to eliminate opportunistic microbial organisms 
while immuneparesis reduces this immune response initiating the healing phase. The metabolic 
response to surgery is also impacted by the extent of fasting prior to surgery. Fasting prior to surgery 
exaggerates the stress response which is accompanied by an increased level of insulin resistance post-
operatively  [  1  ] . 

 Numerous  fl uctuations in the metabolic response to stress and its consequences  fl uctuate by age 
 [  1,   2  ] . An attenuated immune response is seen in surgical neonates less than 48 h old in comparison 
to an older infant or young child. Adolescents tend to have a longer duration of metabolic stress 
response than infants and young children. One possible explanation for the lessened response in the 
younger infant is the higher synthesis of intrinsic opioids during the perinatal period thereby blunting 
the metabolic response. This theory is further supported by the presence of the in fl ammatory cytokine 
interleukin-6 (IL-6) seen in older children but not in neonates  [  1  ] . 

 Infants and young children have an increased surface area (body and head) in comparison to body-
weight. Such factors place them at greater risk for dissipation of body heat compared to adults. What 
protects adults and older children from hypothermia is brown fat. The predominant role of brown fat 
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is thermogenesis. The lack of brown fat compared to adults contributes to heat loss in infants. Also, 
during surgery decreased heat production is noted, yielding a lower body core temperature. This may 
be related to several factors modulating thermoregulation such as anesthetic medications or open body 
cavities. Both muscle relaxants and anesthesia impede the body’s ability to generate heat through 
shivering, thus the increase in energy expenditure generated through shivering is insigni fi cant during 
surgery  [  1,   4  ] . 

 Interleukin-6 (IL-6) is the most consistently elevated postoperative cytokine identi fi ed in the post-
operative period in adults, older infants, and children, although it is not detected after all types of 
surgeries. Prolonged elevated levels of IL-6 can occur due to complex infections or surgeries. IL-6 
levels appear to peak 6–24 h after surgery and return to baseline generally by postoperative day 2. 
Diminished or the complete absence of IL-6 levels are associated with minor surgeries. The metabolic 
response including level of acute phase reactants, immune and endocrine response is proportional to 
the magnitude of surgery. Reducing postoperative metabolic derangements may help minimize post-
operative complications  [  1  ] . Stimulation of the immune response is thought to eliminate opportunistic 
microbial organisms while a period of decreased immunological challenge referred to as immunepa-
resis reduces this immune response (stimulation) to initiate the healing phase  [  1  ] . 

 Tumor necrosis factor-alpha (TNF- a ) is a potent mediator in the stress response. It is rarely detected 
in minor or uncomplicated surgeries. However, a wide variety of levels have been found in major 
surgeries. Elevated levels in infants correlate with severity of surgery and likelihood of death  [  1  ] .  

   Cardiac Surgery 

 Postoperatively, elevated IL-10 levels are seen in moderate and severe surgical stress. IL-10 is a potent 
immune-suppressive cytokine. In pediatric cardiac surgical patients IL-10 is particularly elevated. The 
elevated levels are observed after the start of bypass and generally decline to postoperative levels 2–3 
days after surgery  [  1  ] . Elevated levels have been demonstrated to correlate with surgery severity and 
likelihood of death. Following cardiopulmonary bypass neonates are at risk for an exaggerated 
in fl ammatory response. The exaggerated response is manifested by capillary leak syndrome, general 
edema, and multisystem organ dysfunction (MOD). Subsequently, modi fi ed ultra fi ltration (MUF), a 
unique form of continuous renal replacement therapy is utilized to extract cytokines thereby attenuat-
ing the in fl ammatory response. Despite the in fl ammatory state seen in cardiopulmonary bypass (CPB), 
children also develop impaired immune function after CPB. Following CPB there is evidence that 
children with monocyte hypofunction have a greater risk for sepsis  [  9  ] .  

   Minimally Invasive Surgery 

 Signi fi cant elevation in circulating levels of TNF- a  does not generally accompany minimally inva-
sive surgery (MIS). Examples of MIS surgery include minimally invasive cardiac surgery and lap-
aroscopy. MIS in fl icts less surgical trauma and subsequently has the potential to decrease the intensity 
of the metabolic response to stress. MIS may also modulate thermoregulation especially in infants and 
young children as it alleviates the need to open body cavities and the subsequent loss of body heat. 
Unfortunately, current data reveals con fl icting results. Some studies have found no sizable reduction 
in the levels of cytokines post-MIS compared to traditional surgical techniques. The majority of stud-
ies showing a reduction of cytokines levels to date have been in major surgeries. There is a theoretical 
concern that this downregulation of the metabolic response could potentially lead to the healing 
mechanism not being effectively initiated  [  1  ] . See Fig.  17.2  for an overview of the cytokine pro fi le 
following surgery.   
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   Additional Considerations During Pediatric Critical Illness 

   Malnutrition 

 Critically ill infants and children with preexisting acute or chronic disease are at increased risk for 
malnutrition and MOD  [  10  ] . Hospitalized children (44%) with a variety of acute and chronic diseases 
may develop malnutrition  [  7  ] . Malnutrition facilitates physiologic aberrations with subsequent gastro-
intestinal alteration, immune impairment (cell mediated and phagocytosis), and the imbalance of 
micronutrients. A higher incidence of protein-energy malnutrition (PEM) occurs in children with 
congenital heart disease. Risk factors leading to PEM are energy de fi cits associated with increased 
work of breathing and/or cardiac failure; malabsorption as a consequence of lower cardiac function, 
elevated right-side heart pressure, and/or impaired gastrointestinal function accompanied by decreased 
intake  [  7  ] . Depletion of endogenous antioxidants during oxidative stress is another possible contribut-
ing factor in the development of MOD during critical illness  [  5  ] , by the initiation of reactive oxygen 
species following ischemia or reperfusion injury  [  11  ] .   

   Burns 

 Burn injury induces a considerable metabolic response to stress. The degree of response directly cor-
relates with the size of injury up to a plateau of 40% of total body surface area burn. The metabolic 
response to burns is increased proteolysis, nitrogen loss, and lipolysis induced by the upregulation of 
catabolic hormones including catecholamines, glucagon, and cortisol. The elevation of acute phase 
reactants catecholamines, and cytokines has been shown in the severely burned pediatric patient to 
endure up to 3 years postinjury  [  12  ] . The in fl ammatory response initiated by burns is not restricted to 
the local wound. Burns affect such organs as the gastrointestinal tract causing gut permeability and a 
suppression of immune function through decrease synthesis and function of neutrophils, macrophages, 
and T-lymphocytes through impaired phagocytosis. Critically ill children with burns are also at risk of 
malnutrition, loss of muscle mass, and infections  [  10,   13  ] . Children who have suffered burn injury and 
inhalation injury have increased mortality. As the pediatric burn patient’s length of time in the pediat-
ric intensive care unit (PICU) increases so their their for a cumulative energy de fi cit. Factors indepen-
dent of the length of stay contributing to this energy de fi cit involve length of mechanical ventilation 
and required surgical interventions  [  7  ] . 

 In severe burns, protein catabolism is extensive leading to a negative nitrogen balance as well as 
loss of muscle mass partially related to cortisol. Anabolic hormones crucial to protein synthesis such 
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as insulin-like growth factor (IGF-1) and growth hormone are reduced following signi fi cant burn 
injury. Protein synthesis plus wound healing requires a positive nitrogen balance. Tachycardia and 
lipolysis may persist leading to fatty liver in fi ltration and cardiac failure. A decrease in lean body mass 
has been con fi rmed to ensue up to 1 year following injury and impediment of linear growth has been 
described up to 2 years following injury  [  7  ] . In a randomized control trial involving 205 severely 
burned pediatric patients over a 9-year period, the patients that received recombinant human growth 
(rhGH) demonstrated higher lean body mass, reduced scarring, and an attenuated in fl ammatory 
response. In another study involving 180 severely burn pediatric patients with  ³ 40% TBSA, females 
were found to have attenuated in fl ammatory response in contrast to males. Insulin therapy has proven 
to be of bene fi t to severely burn pediatric patients in which hyperglycemia is a hallmark  fi nding. In a 
prospective randomized trial, 239 pediatric patients with burns >30% TBSA were randomized to 
receive intensive insulin therapy (IIT). Compared to controls, the IIT group had less insulin resis-
tance, and sepsis attenuated in fl ammatory response measured by decreased levels of IL-6 and demon-
strated improved organ function. The mortality rate for the IIT group was 4% compared to the controls 
at 11%  [  14  ] .  

   Pediatric Obesity 

 Pediatric obesity is considered an epidemic worldwide. Despite this, the pediatric obese critically ill 
child has not been intensively studied. Higher complication rates appear to manifest in the critically 
ill obese child and adolescent as longer mechanical ventilation days and prolonged PICU stays com-
pared to lean pediatric trauma patients  [  10,   15  ] . In addition, obese children have altered polyunsatu-
rated fatty acid (PUFA) levels (low  w -3 PUFA to  w -6 PUFA ratio). It is unknown if this may contribute 
to a heightened in fl ammatory response during critical illness  [  10  ] . Obese individuals have a higher 
distribution of white adipose (fat) tissue (WAT). WAT is comprised of adipocytes, endothelial cells, 
 fi broblasts, leukocytes, and macrophages. WAT is characterized as both an endocrine and paracrine 
organ, and as such is a mediator in metabolism and in fl ammation. The role of WAT is to store and 
mobilize fat for body energy and secrete hormones termed adipokines or adiopocytokines. These cells 
secrete various types of cytokines, adiponectin, growth factors, leptin, TNF- a , etc. Adiponectin 
increases the sensitivity of the liver and muscle to insulin, and adiponectin levels are depressed in 
obesity. In fl amed adipose tissue enhances insulin resistance  [  16  ] . These factors may potentially con-
tribute to the increased complications seen in critically ill obese pediatric patients.    

   Nutrition Assessment and Energy Requirements 

   Nutrition Assessment 

 The nutrition screen is designed to identify individuals who are either malnourished or at nutritional 
risk by assessing characteristics that have been shown to correlate with nutrition problems. Only a 
very limited number of screens have been validated. Effective nutrition screens are generally quick 
and reliable, with adequate sensitivity and speci fi city, and with good positive and negative pre-
dicted values  [  17  ] . The nutrition assessment is a more comprehensive assessment. It involves inter-
pretation of data to determine if a nutrition problem exists and to what extent. Five distinct areas 
have been recognized that should be evaluated in the comprehensive assessment; food/nutrition 
history, biochemical parameters, medical test and procedures, patient history, anthropometric data, 
as well as a nutrition-focused examination. The nutrition-focused examination helps to evaluate 
nutrient de fi ciencies and an estimation of body composition  [  17  ] . Once the comprehensive assessment 
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has been completed, the next step is to develop estimated protein and energy goals. Important 
nutritional goals are to preserve skeletal muscle protein, support wound healing, and the in fl ammatory 
response  [  2,   7  ] .  

   Energy Requirements in the Critically Ill Child 

 The basal metabolic rate (BMR) is the energy required to support body temperature, respiratory and 
cardiac function, and maintain the integrity of the body cells. It is ~65–75% of total energy expendi-
ture (TEE)  [  1  ] . TEE is comprised of diet-induced thermogenesis, BMR, and activity  [  18  ] . Resting 
energy expenditure (REE) is 10% above the BMR to account for thermogenesis. Energy needs are 
acutely altered and variable postinjury and critical illness  [  19,   20  ] . To account for the wide range of 
alterations in energy metabolism during critical illness, measured resting energy expenditure (MREE) 
is obtained from indirect calorimetry (IC), the most accurate assessment of energy needs  [  4,   19  ] . 
Another method used to obtain MREE is respiratory mass spectrometry  [  21  ] . IC is the most frequently 
used method to obtain MREE. IC determines REE by measuring the volume of oxygen consumed 
(VO 

2
 ) compared to the volume of carbon dioxide produced (CO 

2
 ) and does not utilize temperature 

changes to determine energy needs. IC cannot determine accurate energy measurements in patients 
with chest tubes in place, endotracheal tube with air leak, extracorporeal membrane oxygenation 
(ECMO), and high inspired oxygen fraction (FIO 

2
  > 0.6)  [  3  ] . Indications for IC include children that 

are underweight, overweight, burns, failure to be weaned or requiring escalation in mechanical venti-
lation support, neurologic trauma, and hypoxia and/or ischemia. Additional indications for IC include 
hypometabolic state (hypothyroidism, hypothermia, and pentobarbital coma) or hypermetabolic state 
(dysautonomic storms, status epilepticus, SIRS)  [  19  ] . 

 Numerous studies have used IC to determine MREE in critically ill children. The results have 
found children of many ages to be hypometabolic during critical illness and postsurgery. Table  17.1  
provides a summary of several studies in which MREE was obtained by IC in hospitalized pediatric 
patients and their age ranges  [  22–  24  ] . Mehta et al. in a prospective cohort study measuring MREE in 
critically ill pediatric patients found that in 62% of patients physicians inaccurately assessed their 
metabolic state, 72% of patients were hypometabolic, and 83% of patients were overfed resulting in 
excessive cumulative energy (calories). This study further demonstrates that predicated equations are 
inaccurate, with escalating inaccuracies when stress factors are added to predictive equations to deter-
mine energy needs. Children under the age of two are extremely vulnerable to overfeeding  [  25  ] . 
In another study, Briassoulis et al. evaluated the cytokine pro fi le and metabolic patterns (normometa-
bolic, hyper- or hypometabolic based on MREE) of critically ill pediatric patients. During the early 
phase of illness patients in this study were hypometabolic. Elevated levels of cytokines did not cor-
respond with the hypometabolic state. Only VO 

2
  and VCO 

2
  were found to be independently associated 

with hypometabolism which was associated with an increase in  mortality  [  26  ] . Both adults and children 
in some studies have been found to have increased energy expenditure during the early postoperative 

   Table. 17.1    Protein Needs  [  19  ]    

 Protein needs  Age 0–2 years 
 2–3 g/kg/day 

 Protein needs  Age 2–13 years 
 1.5–2 g/kg/day 

 Protein needs  Age 13–18 years 
 1.5 g/kg/day 

Protein provision requires ongoing reevaluation. Adjust pro-
tein provision ↑ or ↓ based on clinical condition, medication 
and medical therapy 
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period while other studies have found no elevation in REE. In children with congenital heart defects, 
studies using IC have found an increased energy expenditure prior to surgical correction followed by 
normalization of energy expenditure postcorrective surgery  [  27  ] . The optimal energy (calorie) provi-
sion following major stress and critical illness is unknown. The most accurate assessments are serial 
IC measurements due to the variability of MREE during critical illness and the known inaccuracy of 
predictive equations. Due to the alteration in the hormonal milieu during critically illness and stress, 
growth does not occur until the convalescent phase of illness  [  28  ] . Table  17.2  provides an example of 
caloric partition in neonates which impacts energy needs during critical illness. Three commonly used 
predictive equations used to predict REE are given in Table  17.3  for use as a guide when IC is not 
available or feasible  [  29,   30  ] . The impact of stress factors remains unclear and may potentially have 
more effect in the older child and teenager, more research is needed. The necessity for ongoing revalu-
ation of energy and protein provision in the critically pediatric patient cannot be overemphasized. 
More research is greatly needed in this area.       

   Macronutrients, Micronutrients, and Pharmaconutrition 

 Dietary reference intakes (DRIs) are speci fi c nutrient requirements for age groups and gender for 
healthy individuals in the United States and Canada  [  31  ] . DRIs do not take into account the in fl uence 
of nutrient requirements in regards to drug–nutrient interactions, toxicity, or disease processes. 
Therefore, the optimal macronutrients and micronutrients in critical illness are unknown  [  7  ] . 
Macronutrients include protein, carbohydrate (CHO), and fat. Micronutrients consist of vitamins, 
minerals, and trace elements. 

   Table 17.2    Summary of measured resting energy (MREE) obtained by indirect calorimetry in critically ill pediatric 
patients. The summary includes the age range, median age, and metabolic status de fi ned as hypometabolic (HYPO), 

hypermetabolic (HYPER), and normometabolic (NORM)   

 Research study  Age range  Median age 
 Researcher’s conclusion 
of metabolic status 

 Mehta et al.  [  59  ]   0. 1–25.8 years  2 years  HYPO, HYPER, & NORM 
 Predominate HYPO 

 Framson et al  [  22  ]   2–17 years  5 years  HYPO 
 Nydegger et al.  [  23  ]   Less than 1 month  16 days  HYPER prior to corrective heart surgery. 

NORM one week post surgery 
 Avitzur et al.  [  24  ]   3.2–12.3 months  Noncyanotic 12.3 months 

cyanotic 3.2 months 
 NORM 

   Table 17.3    Breakdown of speci fi c energy requirement expressed as kcal/kg/day, 
needed for basal growth and replacement of excreta losses in neonates  4    

 Calorie partition in neonates 

 Basal metabolic needs  40–70 kcal/kg/day 
 Growth needs  50–70 kcal/kg/day 
 Replacement for excreta losses  20 kcal/kg/day 
 Total  100–120 kcal/kg/day 
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   Macronutrients 

   Protein 

 Maintenance of protein (nitrogen) equilibrium is the objective in healthy adults who have a protein 
turnover range of 3.5g/kg/day. Healthy infants and children require a positive nitrogen balance to 
achieve growth and development; their base line turnover rate is 6g/kg/day  [  4  ] . Normal fractional 
protein synthesis rates in adults is 6-15% and higher in neonates and infants at 15–23% and 15–20% 
respectively  [  32  ] . In critical illness an altered hormonal milieu increases protein breakdown to supply 
free amino acids for synthesis of enzymes, acute phase reactants, and immunoproteins. This results in 
a negative protein balance. 

 This protein breakdown mechanism requires energy. The rate of protein synthesis from the recy-
cling of amino acids during an in fl ammatory state is doubled that synthesized from dietary protein. 
Protein turnover in burns and extracorporeal membrane oxygenation (ECMO) is even higher  [  3  ] . 
A signi fi cant increase in protein turnover is seen in infants after surgery (25%) and with sepsis there 
is a 100% elevation of urinary nitrogen excretion  [  19  ] . The consequence of signi fi cant protein break-
down is evident by in fl ammation, skeletal muscle wasting, delayed wound healing, and weight loss. 
Protein breakdown incurred during critical illness does not subside with the provision of exogenous 
substrate, though the provision of higher protein may help reduce the severity of negative nitrogen 
balance. Protein stores in adults are nearly doubled that of infants. Therefore, infants and young chil-
dren are at increased risk for the ill effects of signi fi cant protein loss during prolonged injury and/or 
illness  [  2  ] . Additional protein losses can occur in such conditions as the presence of an ileostomy, 
dialysis, or malnutrition. In these conditions protein needs may be even higher  [  3,   4,   33  ] . Medications 
also affect protein status. For example, glucocorticoid steroids increase proteolysis and postoperative 
fentanyl decreases protein breakdown in neonates  [  4,   32  ] . The addition of intravenous fat into the diet 
of newborn surgical infants has also been demonstrated to be a protein-sparing mechanism. Protein 
sparing is the result of lipid being used as an energy source during gluconeogenesis; less protein is 
then broken down for  [  2–  4  ] . Therefore, speci fi c protein requirements may be related to age, 
in fl ammatory state, and disease state  [  2,   3,   34  ] . Children at risk for protein depletion have a greater 
incidence of multiple system organ dysfunction (MSOD); those with fat store depletion have a greater 
probability of death in comparison to nutritional healthy children  [  26  ] . 

 Nuclear factor kappa B (NF-k b ) activates the release of cytokines during in fl ammatory states. The 
activation of cytokines prompts the suppression of insulin receptor signaling leading to insulin resis-
tance, which is seen in both critically ill children and adults  [  34  ] . In addition, there appears to be an 
association between insulin resistance and muscle wasting. A prospective randomized crossover 
study of critically ill septic adolescents who received parenteral nutrition (PN) containing compara-
ble energy provision and different levels of amino acid support while maintaining tight glycemic 
control (glucose levels 90–110) found higher amino acid and insulin administration reduced protein 
breakdown. The researchers concluded that in septic adolescents with insulin resistance, providing 
1.5 g/kg/day of protein is inadequate to sustain protein balance in either baseline conditions or during 
insulin infusion. Supplying protein at 3 g/kg/day demonstrated an impressive tendency towards stim-
ulation of protein synthesis leading to substantial improvement in whole body protein balance even 
in absence of insulin  [  34  ] . The optimal protein provision for the critically ill infant and child are 
unknown. Current practices have been based on limited studies and data. Table 17.4 outlines clinical 
guidelines for protein provision for the critically ill infants and child determined by the best available 
evidence.   
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   Carbohydrates 

 Both children and adults during critical illness and injury have an elevated need for glucose, with 
neonates demonstrating a higher turnover rate of glucose. This is considered to be the result of their 
increased body surface area and mass to brain ratio. The provision of exogenous glucose in critical 
illness will not suppress the body’s need of heightened glucose production but excess provision 
increases carbon dioxide synthesis. As a consequence of this heightened glucose demand, protein is 
readily broken down via gluconeogenesis to produce glucose  [  3  ] . Elevated plasma glucose levels are 
not uncommon due to insulin resistance. Variability in glucose levels and hypoglycemia are accom-
panied with increased length of hospital stay and mortality  [  19  ] . The risk of providing exogenous 
insulin to achieve tight glucose control is hypoglycemia. Therefore, the decision to use exogenous 
insulin to achieve tight glucose control should be made after taking into account the individual’s risk 
for hypoglycemia given their age and clinical situation. Various insulin infusion rates and mechanisms 
of glucose metabolism are being studied to avoid this risk; however, the optimal glucose range to be 
maintained during critical illness and postsurgery are unknown.  

   Lipids 

 Lipids provide a concentrated source of energy and essential fatty acids. During critical illness, sepsis, 
surgery, and trauma, the turnover of lipids generally occurs at an accelerated rate. Triglycerides release 
glycerol moiety which can be converted to glucose. Some studies have shown decreased lipid clear-
ance during infections. The consequence of lipid metabolism is lipid peroxidation with formation of 
free radicals. Proin fl ammatory cytokines facilitate lipolysis and triglyceride (TG) release, and poten-
tially may impair lipase function and oxidation of fatty acids. Because of this, it is the practice at some 
facilities to exercise caution when initiating lipids during sepsis/SIRS. Omega-3 fatty acids may also 
be protective of the lungs during systemic in fl ammation  [  35  ] . A pediatric study examined the impact 
of sepsis/SIRS on the oxidation of lipids during limited CHO infusion. Respiratory quotient (RQ) 
levels were comparable to the controls and markers of lipid peroxidation were not altered by the lipid 
infusion. Even without lipid infusion, TG levels during sepsis/SIRS were signi fi cantly higher than the 
controls  [  8  ] . 

      Table 17.4    Commonly used predicated equations to estimate resting energy expenditure in children 
in calories per day  [  29,   30  ]    

 Equations to estimate resting energy in children 

 Scho fi eld weight 

 Age (years)  Male  Female 

 <3  (59.512 × W) − 30.4  (61 × W) − 51 
 3–10  (22.706 × W) + 504.3  (22.5 × W) + 499 
 10–18  (17.686 × W) + 658.2  (12.2 × W) + 746 

  World Health Organization (FAO/WHO/UNU)  
 0–3  (60.9 × W) − 54  (61 × W) − 51 
 3–10  (22.7 × W) − 495  (22.5 × W) + 499 
 10–18  (17.5 × W) + 651  (12.2 × W) + 746 

   W  weight(kg),  FAO  The Food and Agriculture Organisation,  WHO  World Health Organization,  UNU  United Nations 
University  
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 Clinically the respiratory RQ is obtained from IC. The RQ does not detect actual substrate utiliza-
tion during critical illness, although a RQ > 1 has been shown to correlate with overfeeding  [  36  ] . 
Due to limited stores, infants generally are at higher risk for essential fatty acid de fi ciency. Intravenous 
fat emulsion comprising omega-3 fatty acids ( w -3 fatty acids) or olive oil is available outside of the 
United States. The use of these intravenous fat emulsions in some studies demonstrate a reduction in 
parenteral nutrition-related cholestasis and development of liver disease  [  4,   10  ]  while others have 
identi fi ed bene fi t in only a subset of patients  [  37  ] .  

   Pharmaconutrition 

 Pharmaconutrition is the provision of therapeutic doses of nutrients to counteract de fi ciencies caused 
by disease or injury in the same manner as pharmacologic agents (Wischmeyer, Heyland). Arginine 
(ARG), glutamine (GLU), omega fatty acids, various combinations of antioxidants and probiotics are 
some of the most frequently studied nutrients. A general overview of their speci fi c roles and bene fi ts 
is provided below  [  10,   19,   38  ] . Pharmaconutrients can be classi fi ed by function as anti-in fl ammatory, 
cell protective, or immune-modulating  [  38  ] . More research is needed in the area of pharmaconutrients 
to further clarify bene fi ts in various pediatric populations by age groups, as well as optimal dosing.  

   Arginine 

 Arginine (ARG) is an amino acid that becomes rapidly depleted in signi fi cant stressed states such as 
injury, trauma, or surgery due to increased demand. ARG is a substrate for the vasodilator, nitric 
oxide. ARG de fi ciency impairs immune function, especially T-lymphocytes  [  38  ] . ARG also has a 
crucial role in regulation of blood  fl ow, protein synthesis, and repair of tissue and wound injury. Many 
of the studies outlining bene fi t in adults have involved immune-enhancing formulas which contain a 
combination of nutrients such as ARG, omega 3-fatty acids, and nucleotides. The avoidance of ARG 
supplementation in sepsis stems from the potential for excessive nitric oxide synthesis resulting in an 
exaggerated SIRS response. The American Society of Parenteral Nutrition (ASPEN), Society for 
Critical Care Medicine (SCCM), and the European Society for Parenteral and Enteral Nutrition 
(ESPEN) describe bene fi ts or possible bene fi t of ARG in adults  [  38  ] . The combination of ARG and 
 w -3 fatty acids after major adult surgeries has shown reduction in infection and length of hospital stay 
in comparison to standard enteral formulas  [  38,   39  ] . In comparison to adults, children’s wounds heal 
more rapidly and completely. Impairment of wound healing in children occurs in critical illness, pre-
maturity, complex wounds, and with comorbidities. Use of negative pressure wound therapy (NPWT) 
has become increasingly popular in adults, children, and in infants due to decreased sedation needs 
for dressing changes, provision of a closed clean system, and direct measurement of  fl uid  [  40  ] . In a 
pediatric study involving six infants, use of an enteral ARG rich supplementation coupled with NPWT 
was thought to stimulate early healing of infected surgical wounds  [  41  ] . NPWT effectiveness and 
safety in the United States has not been established at this time in neonates, infants, and children  [  42  ] . 
De fi cient ARG plasma levels are also found in low birth weight premature infants. ARG supplemen-
tation demonstrated improvement in both plasma levels and decreased incidence of necrotizing 
enterocolitis (NEC)  [  10,   41  ] . Further research is needed regarding ARG use in the pediatric 
population.  
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   Glutamine 

 Glutamine (GLN) is the most abundant amino acid in plasma and has been studied in both pediatric 
and adult patients. GLN is a major energy substrate for enterocytes; rapidly proliferating immune 
cells, lymphocytes, macrophages, and neutrophils. GLN levels decline rapidly in critical illness  [  10, 
  35,   38,   43  ] . GLN plays a signi fi cant role in facilitating production of heat shock proteins (HSPs). 
HSPs are fundamental in cellular recovery following injury. Overall the bene fi ts of reduced infectious 
complications with GLN supplementation have been found in the severely critically ill adult patient. 
Supplemental GLN provided parenterally may be more bene fi cial than enteral supplementation  [  43  ] . 
In a double-blind, randomized, controlled trial of surgical adult patients the investigators concluded 
that parenteral supplementation of glutamine dipeptide was not only safe but improved glutamine 
levels and decreased infection rates following cardiac, colonic, and vascular surgery but not pancre-
atic necrosis surgery  [  44  ] . In pediatrics, there is less support for use of GLN supplementation in criti-
cal illness. A double blind, randomized controlled trial involving neonates and infants found no 
change in infection, PICU length of stay, nitrogen balance, or mortality. This study noted no adverse 
outcomes with the administration of glutamine  [  45  ] .  

   Fatty Acids 

 A pilot study using an adult immune-enhancing enteral formula in 19 critically ill severely burned 
pediatric patients with acute respiratory distress syndrome (ARDS) found improvement in oxygen-
ation and pulmonary compliance  [  46  ] . The formula contained omega 3 fatty acids, eicosapentaenoic 
acid (EPA), and  g  (gamma)-linolenic (GLA). The 2009 A.S.P.E.N guidelines did not recommend the 
routine use of this formula for critically ill children  [  19  ] . Skillman and Wischmeyer endorsed usage 
in older pediatric patients  [  10  ] . More research is needed regarding this potentially promising therapy 
of immune-enhancing formulas containing anti-in fl ammatory fatty acids and antioxidants.  

   Antioxidants 

 Antioxidants (AOXs) are present in minute amounts and inhibit or delay the oxidation of a substrate. 
The primary function of AOXs is to counteract oxidative stress which is prevalent in critical illness. 
AOX levels have been found to be low or depleted in critical illness  [  47  ] . AOXs are produced naturally 
and exogenously provided through food or supplements  [  48  ] . The body’s natural AOX defense con-
sists of metabolic and nutrient components. The metabolic constituents are synthesized through 
metabolism and examples include bilirubin, glutathione,  l -arginine, and uric acid. The nutrient AOXs 
cannot be produced endogenously and must be acquired through food or supplement and examples 
include vitamin A or B-carotene, C, E, selenium, and zinc  [  48,   49  ] . In critical illness depleted AOX 
levels are linked to an increased formation of free radicals, exaggerated systemic in fl ammatory 
response, and cell injury leading to increased morbidity and mortality. Heyland et al. reviewed clinical 
trials involving high-dose AOX supplementation in critically ill patients. They concluded that AOXs 
have been reported safe and associated with a decrease in mortality in critically ill patients  [  50  ] . 
Potential bene fi ts of AOXs during critical illness are outlined in Table  17.5 . Many of the clinical trials 
involving AOXs have had various vitamin and mineral cocktails involving heterogeneous patients 
groups. A handful of these trials have been done in children. Pediatric patients with severe burns have 
been found to have low plasma levels of vitamin D  [  7,   51  ] . Additional losses of vitamins and minerals 
can occur through loss of bodily  fl uids, such as hemorrhaging and drains  [  7  ] . Dylewski et al. found 
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plasma and urinary selenium levels to be low in 15 pediatric patients. The researchers concluded that 
suboptimal selenium status may potentially impact the incidence of infections in pediatric burn 
patients  [  52  ] .   

   Probiotics 

 Probiotics are nonpathogenic living organisms or food that have the capacity to yield health bene fi ts 
through modulation of the mucosal milieu in the gastrointestinal tract when consumed in adequate 
amounts. The use of probiotics in several studies has revealed bene fi t in both adults and children in 
infectious diarrhea and clostridium dif fi cile  [  53  ] . Probiotic use in premature infants may reduce the 
incidence of NEC  [  10  ] . Higher yield of probiotic bene fi t may occur with multi-strains vs. mono-
strains  [  54  ] . However, there are con fl icting data regarding probiotic use and safety in critical illness. 
In a randomized placebo controlled study of probiotics in pediatric intensive care patients, the probi-
otic group developed more infections than the placebo group although the difference was not statisti-
cally signi fi cant. As a consequence the study was halted  [  55  ] . In a pilot study of 56 critically ill 
pediatric patients of which 26 of the patients were randomized to receive Lactobacillus Casei Shirota 
(LCS), no growth of LCS was found in the probiotic group. The researchers concluded LCS did not 
increase risk of infection  [  56  ] . Further studies are warranted to evaluate the ef fi cacy and safety of 
probiotics in critical illness.   

   Nutrition Support Barriers, Initiation, and Monitoring 

   Nutrition Support Barriers 

 Enteral nutrition (EN) is the preferable routine of nutrition support during critical illness. In adults 
early initiation of EN within 24–48 h is shown to decrease infectious complications, hospital length 
of stay, and bene fi ts to the integrity of the intestinal mucosa in comparison to PN. EN is also more 
cost-effective than PN  [  57,   58  ] . Early EN has also been shown to improve nitrogen balance in the 
critically ill or injured patient. In severe burn patients early EN (24 h) improves nitrogen balance and 
the provision of caloric intake and a decrease in mortality compared to EN initiated 48 h posthospital 
admission  [  57  ] . Several barriers are repeatedly identi fi ed as inhibitors of the provision of EN and 
attainment of enteral feeding goals in the critically ill patient. Numerous studies and quality control 
audits measuring enteral nutrition provision compared to medical order and/or established EN goal 
have led to identi fi cation of these barriers. Frequent EN feeding obstacles are listed in Table  17.6  

   Table 17.5    Summary of the roles of nutrient antioxidants in critical illness  [  48,   49  ]    

 Antioxidant  Function 

 Vitamin E  Breaks free radical chains 
 Decreases lipid destruction 

 Vitamin C  Inhabits free radical reactions jointly with vitamin E 
 Vitamin C and E  Reduces infectious complications post hemorrhagic shock and injury 
 Selenium  Protects endothelial cells 

 Scavenger of free radicals jointly with vitamin E 
 Decreases mortality in critical illness and septic shock 
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 [  59,   60  ] . One of the major obstacles to EN is the measuring of gastric residual volumes (GRV) which 
lacks ef fi cacy and has undeservingly been used to de fi ne tolerance to enteral nutrition. Elevated GRV 
have been de fi ned as evidence for intolerance of enteral nutrition based on the premise that all gastric 
contents must empty and gastric residuals indicate delayed gastric emptying with the associated risk 
of aspiration pneumonia  [  61  ] . As a consequence EN is either held or not advanced. The evidence 
shows little correlation between GRV with EN intolerance or increased risk of aspiration pneumonia. 
No augmented risk for aspiration pneumonia is associated with an elevated GRV and no decreased 
risk is associated with a low GRV  [  62,   63  ] . Prolonged holding of EN delivery prior and after tests and 
procedures such as endotracheal intubation and extubation limits delivery. The actual process of 
obtaining GRV increases the risk of clogging feeding tubes which furthers disrupts EN delivery. 
When the intact protein in enteral formula mixes with the gastric contents (acidic) the conformation 
of the protein is altered and coagulation may form leading to a clogged feeding tube, especially in 
small bore feeding tubes. Medications administered through feeding tubes increase the risk for clog-
ging. The use of liquid medications when feasible can help reduce the risk of tube clogging as can 
periodic water  fl ushes  [  64  ] . Liquid medication may reduce the risk of tube clogging but in turn may 
increase the risk of diarrhea due to their higher osmotic load  [  65  ] . Awaiting the return of bowels 
sounds is another EN obstacle. Research has demonstrated that the small bowel returns to normal 
function 4 h postoperatively and early EN is tolerated though bowel sounds are generally absent  [  61, 
  66  ] . Finally, symptoms of diarrhea and emesis are frequent occurrences in the critically ill patient. 
Measurement and assessment of these occurrences varies extensively, the lack of standardization to 
de fi ne feeding intolerance may in itself be a barrier to delivery of EN. Causes of diarrhea are multi-
faceted. Frequent known causes of diarrhea are disease state, dysbiosis or dysbacteriosis, antibiotics, 
and medications in elixir or liquid form promoting an osmotic laxative consequence. Another poten-
tial cause is inadequately absorbed fermentable  fi ber or lack of  fi ber in the enteral formula  [  65  ] .  

 Data have shown that implementation of EN protocols that outline initiation and advancement 
guidelines for EN increases the delivery and tolerance of EN. Pediatric nutrition support teams 
increase the utilization of EN while decreasing unwarranted PN use. Protocols regarding enteral tube 
placement enhance staff expertise in EN tube placement thereby increasing EN delivery  [  67–  69  ] .  

   Initiation of Nutrition Support 

 The optimal support method selected for the critically ill and/or the critical surgical patient should be 
determined by age, clinical condition, underlying disease state, gastrointestinal function, and length 
of therapy  [  58  ] . Numerous decision trees or algorithms have been developed to guide the initiation of 
nutrition support. In pediatrics there is a dearth of data available to make evidence-based decisions, 

   Table 17.6    Common causes for not reaching EN goal volumes  [  59,   60  ]    

 Elevated gastric residual volumes (GRV) 
 Failure to acquire enteral access or maintain access 
 Prolonged holding of EN for test and/or procedures 
 EN held in anticipated of intubation or extubation 
 Intolerance to EN, diarrhea, emesis 
 Clogged feeding tube 
 Fluid regulation 
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thus clinicians are forced to rely on best practices or data obtained from adult literature. The general 
premise is that if the gastrointestinal tract is functional EN is utilized and PN is reserved for the 
 nonfunctional GI tract. Gastric is the preferred method for EN delivery while postplyoric is reserved 
for gastroparesis, gastric outlet obstruction, pancreatitis, and patients with known re fl ux and aspira-
tion of gastric contents  [  58  ] . In hemodynamic instability, EN is frequently withheld due to the require-
ment for vasoactive medications. Avoidance of EN also occurs during evidence of bowel ischemia  
 [  57  ] . EN is administered by continuous, intermittent, and bolus infusion. The American Society for 
Enteral and Parenteral Nutrition (A.S.P.E.N.) 2009 suggestions for initiation of EN nutrition can be 
found in Table  17.7 . The recommendations are for initiation of full strength isotonic formula and the 
avoidance of diluted enteral formula. The diluting of enteral formula increases the probability of 
microbial contamination leading to diarrhea and EN intolerance. In addition, dilution of enteral for-
mula lowers the formula osmolality. The lower osmolality and higher pH of the diluted formula is 
more supportive of microbial growth compared to full strength formula  [  58  ] .   

   Monitoring of Nutrition Support 

 Monitoring of biochemical parameters should occur before nutritional support, after initiation of 
nutrition support, and periodically thereafter. The type of parameters monitored should be based on 
protocols as well as the patient’s underlying illness and disease state. Patients at risk for the refeeding 
syndrome and metabolic complications should be monitored more closely. Complications of refeed-
ing in malnourished patients can lead to pathophysiological and metabolic complications involving 
depleted levels of potassium, phosphorus, magnesium, and thiamine leading to cardiac, hepatic, respi-
ratory, and neuromuscular consequences and even death. Depleted biochemical parameters should be 
corrected prior to the initiation of nutrition support  [  58  ] . Electrolyte and glucose management involves 
monitoring many parameters as a result of  fl uid shifts, renal function, bodily secretions, and increased 
insensible losses and may need to be reviewed on a daily basis depending on clinical condition. 
Abnormal phosphate, magnesium, and acid–base imbalances frequently occur during critical illness 
particularly in those with sepsis, SIRS, and preexisting de fi ciencies. In stress states there is hepatic 
reprioritization of protein synthesis. Protein levels are inversely related to the C-reactive protein 
(CPR) level. When the CRP is elevated, protein synthesis of albumin and prealbumin is decreased 
compared to when the CRP is less than 2. Albumin levels are also skewed independent of nutrition 
status by  fl uid status, intravenous albumin provision, trauma, sepsis, and liver disease. This is not a 
reliable monitor of nutrition status during these states and critical illness  [  2,   3,   7  ] .   

   Table 17.7    Suggestion for initiation of EN using an isotonic formula preferably. Initiation of EN should be based on 
medical condition, treatment modalities, and individualized tolerance  [  58  ]    

 Initiation of enteral nutrition (EN) 

 Weight < 30–40 kg  Weight > 30–40 kg 
 Continuous infusion  Continuous infusion 
 Start 1–2 mL/kg/h  Start at 1 mL/kg/h 
 Advance to desired goal rate within 24–48 h  Advance to desired goal rate within 24–48 h 
 Bolus gastric feeding  Bolus gastric feeding 
 Start at 2.5–5 mL/kg per feed over 5–8 feedings/

day gradually advancing to desired goal volume 
 Start at 2.5–5 mL/kg per feed over 5–8 feedings/day gradually 

advancing to desired goalvolume 
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   Summary and Future Research 

 Critically ill children like adults experience the metabolic response to stress which varies by age. 
Children, especially young children, due to their low protein reserves are particularly vulnerable in 
prolonged stress to the detrimental effects of the altered hormonal milieu. The role of nutrition sup-
port is to help preserve skeletal muscle and support organ and immune function. The optimal provi-
sion of macronutrients, micronutrients, energy, and nutrition support in critically ill children is 
unknown. It is well established that predictive equations inadequately predict energy needs during 
critical illness and indirect calorimetry is more accurate. Research in the area of nutrition support for 
the critically ill child is urgently needed.      
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      Keypoints 

       Parenteral nutrition is an arti fi cial support modality that provides the human organism with  fl uids, • 
energy, and nutrients. These are directly administered to the venous network.  
      Parenteral nutrition is recommended in cases where the patient’s nutritional needs cannot be fully • 
satis fi ed through enteral means.  
      Parenteral nutrition must be applied for the shortest period of time possible because it uses a non-• 
physiological path, lacks a trophic effect on the intestinal mucosa, can produce numerous and 
serious complications, and entails a higher cost than enteral nutrition.  
      The selection of the most appropriate venous access (peripheral or central) and catheter type • 
depends on the patient’s conditions. A central venous catheter is necessary for total parenteral 
nutrition.  
      Nutrient supply must be balanced and adjusted according to the patient’s age, nutritional status, • 
and underlying disease.  
      The complications of parenteral nutrition can be minimized with strict clinical, analytical, and • 
technical surveillance.      

  Keywords   Pediatric parenteral nutrition  •  Nutritional support  •  Central venous catheter  •  Monitoring  
•  Parenteral nutrition-associated liver disease  •  Complications  
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  Abbreviations  

  AN    Arti fi cial nutrition   
  CVC    Central venous catheter   
  EFA    Essential fatty acids   
  EN    Enteral nutrition   
  ICV    Inferior caval vein   
  PN    Parenteral nutrition   
  PNALD    PN-associated liver disease   
  REE    Resting energy expenditure   
  SCV    Superior caval vein     

   Introduction 

 Parenteral nutrition (PN) is the technique of arti fi cial nutrition (AN) that provides the human organ-
ism with  fl uids, energy, and nutrients, which go directly to the circulatory system through the venous 
network. The main aim of AN is to recover or maintain the nutritional status, enhancing the optimal 
growing and development of the child. Additionally, in some cases AN enables to control the underly-
ing disease of the patient  [  1,   2  ] . 

 Opposite to enteral nutrition (EN), that passes nutrients through the digestive tract, PN is much 
more complex: it uses a nonphysiological path in which the response to nutritional input is different 
to the one obtained by EN, and with no trophic effect on intestinal mucosa; derived complications are 
more numerous and serious and, lastly, it entails a much higher cost. Therefore, PN is not the primary 
option of AN  [  3  ] . Nevertheless, EN and PN are not excluding techniques, and their combined usage 
is presently becoming more frequent, enabling to reduce the duration and quantity of intravenous 
infusions, even in the most serious cases. 

 Characteristically, a child’s organism is in continuous change from birth to adolescence. During 
child development size increases and body composition changes, causing the nutritional needs to be 
proportionally greater to those of the adult. Immaturity implies special requirements both in type and 
quality of the nutrients. The disease worsens these physiological conditions. Furthermore, children 
depend upon adults; they are part of a family that must be involved in the treatment and thereby in the 
nutritional support. 

 The outcome of this compilation of variables is that the child is particularly vulnerable to the lack 
of nutrients. This is the reason for which nutritional treatment must be started early and adapted to the 
biological circumstances of each speci fi c age. These facts further increase the complexity of the PN 
technique in childhood, so they should be carried out by specialized support teams  [  4  ] .  

   Indications 

 PN is recommended in cases when the patient’s nutritional needs cannot be fully satis fi ed through 
enteral means, both in already undernourished children and in those in risk of undernourishment 
because of digestive diseases or of other acute or chronic diseases  [  2,   5,   6  ]  (Table  18.1 ). The com-
monly accepted criteria for nutritional intervention are not based on evidence and have been recently 
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summarized by the ESPGHAN’s Nutritional Committee  [  7  ] . Regarding infants and children, PN 
would be recommended when: 

   Strict fasting is expected for a period of at least 3 days in children under 1 year or 5 days in children • 
over that age  [  8,   9  ] .  
  When achieving over 60–80 % of energetic requirements is not possible by enteral means for more • 
than 10 days, or even before when the patient is already undernourished.    

 PN must be applied for the shortest period possible. In order to ensure 2/3 of the estimated require-
ments as soon as possible and hence discontinue parenteral nutrition, the promotion of oral nutrient 
intake (or, if this is not possible, enteral nutrition support) is essential .  

   Venous Access 

 The venous access selection (peripheral or central) and the catheter type will depend upon the follow-
ing variables: estimated treatment duration and the patient’s characteristics including nutritional 
requirements, nutritional status, underlying disease, and available vascular accesses  [  6  ] . 

   Table 18.1    Indications for parenteral nutrition   

  Primary gastrointestinal diseases  
 Gastrointestinal surgery: 

 Small bowel resection 
 Mid-gut volvulus 
 Other intestinal or abdominal wall malformations 
 Transplantations 

 Malabsorption: 
 Short small bowel 
 Intractable diarrhea 
 Severe in fl ammatory bowel disease 
 Gastrointestinal  fi stulas 

 Others: 
 Necrotizing enterocolitis 
 Dysmotility syndromes (primary or not) 
 Severe acute pancreatitis 
 Chemotherapy or radiation therapy induced mucositis 
 Uncontrollable vomiting 

  Primary extraintestinal diseases  
 Low-birth weight infants 
 Catabolic or hypermetabolic states: 

 Burns 
 Malignancies 
 Marrow and organ transplantation 
 Sepsis 
 Polytrauma 
 Other: cardiac or respiratory diseases 

 Organ failures: 
 Acute hepatic failure 
 Acute renal failure 
 Multiorgan failure 

 Inborn errors of metabolism 
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 Peripheral venous accesses are located in subcutaneous veins, of easy placement. These are of 
short duration and permit only the infusion of solutions of limited osmolarity (600–800 mOsm) to 
prevent infusion extravasations and phlebitis. These are employed in cases where PN adds up to 
enteral inputs, and when central venous accesses cannot be managed. 

 Central venous accesses permit the input of volumes and solutions with high caloric density and 
osmolarity, and are essential to accomplish complete PN  [  5  ] . These are placed by inserting the cath-
eter through the subclavian vein, internal jugular vein, or femoral vein or through the peripheral veins. 
The catheter edge must remain correctly settled and always con fi rmed radiologically  [  10  ] : in the 
superior caval vein (SCV) where it meets the cardiac atrium when the access drains to the SCV, or 
over the renal veins in the case of the inferior caval vein (ICV). In newborn, the umbilical vein can be 
exceptionally used, always for the shortest possible time and located in the ICV. 

 The insertion of central venous catheter (CVC) can be implemented in percutaneous form, blindly 
or guided through  fl uoroscopy or preferably with aid of ecography  [  11  ] , and by chirurgical dissection. 
There are several types of CVC: peripherally inserted central (PIC) line, percutaneous insertion cath-
eters, and long-duration catheters, for patients in which it is estimated longer duration than 3–6 weeks, 
or in cases of home PN. Long-duration catheters can be tunneled (Hickman ® , Broviac ®  type) or intro-
duced as implantable ports. The CVC’s diameter must be the smallest possible to minimize the risks 
of vascular damage and may have one or several lights. 

 Care needed for the CVCs is linked with the appearance of related complications, so this care must 
be strengthened and protocolized  [  12  ]  by each institution. Implementation will be made through asep-
tic techniques, the antiseptic hand hygiene (even when sterile gloves are used), skin and connection 
device disinfection, and permeability supervision are all obligatory before any manipulation.  

   Nutrient Requirements 

   Energy 

 Energy needs vary depending on the patient’s age, nutritional status, physical activity, and diseases 
 [  5,   6  ] . Except in cases where indirect calorimetry is available, resting expenditure energy (REE) cal-
culations will be made through predictive equations, function of the child’s individual characteristics, 
 [  13–  17  ]  (Table  18.2 ). A factor depending on activity and stress will be applied to this REE, which will 
generally not be very high to prevent the consequences of overnutrition.  

 It is important to consider that most patients receiving PN are frequently admitted to the hospital 
for variable periods of time, and therefore are subjected to different degrees of metabolic stress. In 
infants the maximum recommended input is 90–100 kcal/kg/day. 

 Energy input must be calculated precisely without disturbing the equilibrium between the distinct 
macronutrients: 150–200 nonprotein kcal are recommended per gram of nitrogen.  

   Proteins 

 Protein input is made in  l -aminoacid form. In children, especially in infants, proteins solutions must 
have a speci fi c composition, adapted to the needs and enzymatic systems’ immaturity. No agreement 
has yet been reached over the age limit for their usage  [  6  ] . Recommendations are 2.3–2.7 (1.5–3) g/
kg/day in the newborn; 2.0–2.5 (1.0–2.5) for children between 2 months and 3 years of age; 1.5–2.0 
(1.0–2.0) between years 3–5; 1.0–1.5 (1.0–2.0) from age 6 to adolescence  [  5,   10,   16  ] . In every case, 
these must suppose about 12–16 % of the total energetic input.  
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   Lipids 

 Lipids solutions must be included in PN because they contain essential fatty acids (EFA) and since of 
their high caloric concentration that enables to diminish the solutions’ osmolarity and the negative 
effects of glucose overdose. An amount between 25 % and 40 % of nonprotein calories is recommended. 
In infants, the maximum quantities will be 3–4 g/kg/day (0.13–0.17 g/kg/h) and 2–3 g/kg/day (0.08–
0.13 g/kg/h) in the rest of cases  [  5,   16  ] . In speci fi c cases (severe infections, neonatal hyperbilirubine-
mia, thrombocytopenia, liver and lung diseases) its usage must be carefully considered, guaranteeing 
the EFA input (0.5–1 g/kg/day) and monitoring triglycerides levels (ideally <150 mg/dL). 

 Since they produce less rising of plasmatic lipids, 20 % solutions will be employed. There are 
several types of solutions, depending on the fat employed (soya, coconut, olive, and  fi sh oil) and their 
percentage of the mix  [  18  ] . Presently, emulsions made exclusively with soya oil are not recommended 
 [  19  ] . Administration of the mix can be done in conjunction with amino acids and glucose as ternary 
solutions, once the solution’s stability has been revised, or independently in any other case  [  6  ] .  

   Carbohydrates 

  d -Glucose is the only carbohydrate indicated in PN pediatrics. A dose between 60 % and 75 % of 
nonprotein calories is recommended. The infusion rhythm must be progressive and consider the 
patient’s age. Maximum oxidation capacity, which diminishes considerably in critical sick patients, 

   Table 18.2    Equations for calculating basal metabolic rate (BMR) or resting energy expenditure (REE) and energy 
requirements in PN (kcal/day   )   

 Calculation 

 Scho fi eld (BMR)  WHO 
(REE)  Using weight  Using weight and height 

 Male: 
 0–3 years 1   59.48 × Wt − 30.33  0.167 × Wt + 1517.4 × Ht − 617.6  60.9 × Wt − 54 
 3–10 years  22.7 × Wt + 505  19.6 × Wt + 130.3 × Ht + 414.9  22.7 × Wt + 495 
 10–18 years  13.4 × Wt + 693  16.25 × Wt + 137.2 × Ht + 515.5  17.5 × Wt + 651 
 Female: 
 0–3 years 1   58.29 × Wt − 31.05  16.25 × Wt + 1023.2 × Ht − 413.5  61 × Wt − 51 
 3–10 years  20.3 × Wt + 486  16.97 × Wt + 161.8 × Ht + 37.2  22.4 × Wt + 499 
 10–18 years  17.7 × Wt + 659  8.365 × Wt + 465 × Ht + 200  12.2 × Wt + 746 

  Daily energy needs  (kcal/day): BMR or REE × constant (1.1–1.2) 
  Special considerations : 
  1 Infants <9 kg weight (16): 
 -Total energy needs (kcal/day): 

 Using weight: [98.07 × Wt (kg)] − 121.73 
 Using weight and height: [10.66 × Ht (cm)] + [73.32 × Wt (kg)] − 635.08 

 -REE (kcal): 
 Using weight: [84.5 × Wt (kg)] − 117.33 
 Using weight and height: [10.12 × Ht (cm)] + [61.02 × Wt (kg)] − 605.08 

 Intensive Care Unit (5): 
 -Energy Expenditure (Kcal/day): [(17 × age in months) + (48 × weight in kg) + (292 × body temperature in °C) − 9,677] × 0.239. 
 Obese adolescens (15, 17): 

 Male: [16.6 × Wt (kg)] + [77 × Ht (m)] + 572 
 Female: [7.4 × Wt (kg)] + [482 × Ht (m)] + 217 

  Wt  =  weight (kg);  Ht =  length (m) 
 From  [  6  ] . Reprinted with permission from Nutrición Hospitalaria  
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must never be surpassed  [  5,   20  ] . Excessive glucose in fl uences important secondary effects: hypergly-
cemia, liver fat deposits and cholestatic jaundice, and increase in CO 

2
  production, and infectious 

complications. Addition of insulin is indicated in cases of hyperglycemia with no easy control.  

   Fluid and Electrolytes 

 Liquid requirements change with age, weight, hydration state, certain environmental factors (radiant 
heat, phototherapy, etc.), and the patient’s sickness. 

 In newborn, inputs will be realized carefully and depending on the phase of postnatal adaption 
 [  5,   6  ] : right after birth (until the maximum weight loss is reached, 3–6 days), intermediate (5–15 days), 
and of stable growth. Inputs of 60–120, 140, and 140–170 mL/kg/day, respectively, will be adminis-
tered. After the  fi rst month and until 12 months of age, liquid volume will be 100 mL/kg/day, and 
inputs will be calculated according to the Holliday–Segar method for calculating maintenance  fl uid 
requirements (100 mL/kg/day for the  fi rst 10 kg, with an additional 50 mL/kg/day for every kg 
between 11–20 kg and 20 mL/kg/day for every kg above 20 kg). In both cases, extraordinary losses 
depending on presence of vomit, diarrhea, fever, etc. will be considered, together with those circum-
stances in which  fl uid input restriction is required because of renal insuf fi ciency or edema presence, 
among others  [  5,   6,   20  ] . 

 Electrolyte input will be made after the second day of life. Postnatal adaptation changes  will be 
adjusted in newborn. In children over one month, 2–3 mEq/kg/day of sodium and chloride and 
1–3 mEq/kg/day of potassium will be administered. 

 It is indispensable to consider liquid and electrolyte inputs received by the patients through phar-
macotherapy and other perfusions. In case of ostomy, special care will be given to reposition (inde-
pendently of PN volume) through solutions that consider the lost intestinal continent. 

 In undernourished patients, inputs will be made slowly to prevent overfeeding syndrome.  

   Minerals and Oligoelements 

 Mineral and trace elements requirements vary depending on age and weight  [  5,   6,   10,   16,   20  ]  
(Table  18.3 ). Total calcium and phosphorus quantities are limited by their solubility and the propor-
tion between both substances. The usage of organic sources of phosphate (sodium glycerophosphate) 
helps to avoid this problem. Its administration to children is completely safe. The recommended dose 
to obtain the best retention capacity is a molar calcium/phosphorus relation of 1.1–1.3/1 or a weigh 
relation of 1.3–1.7/1.  

 There are oligoelement solutions designed speci fi cally for pediatric patients, but where individual 
adjustments are not possible. Only exclusive formulations of Zn are available, mainly indicated in cases 
of diarrhea or excessive stoma output. Manganese excess must be prevented in the long-term PN.  

   Vitamins 

 Optimal vitamin requirements for their use in PN are not well established, although there are formula-
tions that follow present recommendations  [  5,   6,   10,   16,   20  ]  (Table  18.4 ). These vitamins may be 
inactivated by the light, or adhere to the containers or infusion systems, so levels must be constantly 
monitored to make adjustments.    
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   Table 18.4    Recommended intakes for parenteral supply of vitamins. Vitamin preparations   

 Vitamin 
 Infant-children 
(dose/day) 

 Soluvit ®  N + Vitalipid 
N Infant ®  3,8 + 10 mL 

 Soluvit ®  N + Vitalipid 
N Infant ®  10 + 10 mL 

 Infuvite 
Pediatric ®  5 mL 

 Vitamin A (UI)  1,500–2,300  2,300  2,300  2,300 
 Vitamin E (mg)  7–10  6.4  6.4  7 
 Vitamin K (mcg)  50–200  200  200  200 
 Vitamin D (UI)  400  400  400  400 
 Ascorbic acid (mg)  80–100  37.7  100  80 
 Thiamine (mg)  1.2  0.94  2.5  1.2 
 Ribo fl avin (mg)  1.4  1.35  3.6  1.4 
 Pyridoxine (mg)  1  1.5  4  1 
 Niacin (mg)  17  15.08  40  17 
 Pantothenic acid (mg)  5  5.65  15  5 
 Biotin (mcg)  20  22.62  60  20 
 Folic acid (mcg)  140  150.8  400  140 
 B 

12
 Vitamin (mcg)  1  1.88  5  1 

  Soluvit ®  N (water soluble vitamins), the vial was reconstituted in 10 mL; Vitalipid N Infant ®  (fat soluble vitamins) vial 
10 mL 
 Infuvite Pediatric ® : vial 1 mL (folic acid, biotin, B 

12
  vitamin) and vial 4 mL (other vitamins). Dose Term newborn 

<3 kg: 3 mL; Other: 5 mL 
 Equivalence: Vitamin A 1 mcg = 3.3 UI; Vitamin D 1 mcg = 10 UI 
 Modi fi ed from  [  6  ] . Reprinted with permission from Nutrición Hospitalaria  

   Table 18.3    Recommended intakes for parenteral supply of minerals and trace elements   

 Minerals  TN/kg/day  <1 year/kg/day  1–11 years /kg/day  12–15 years/kg/day 

 Calcium (mg) 

  (mMol)

  (mEq) 

 40–60  20–25  10–20  4.5–9 
 1–1.5  0.5–0.6  0.25–0.5  0.12–0.2 
 2–3  1–1.2  0.5–1  0.2–0.4 

 Phosphorus (mg) 

 (mMol) 

 (mEq) 

 30–45  10–30  8–22  5–10 
 1–1.5  0.3–1  0.25–0.7  0.16–0.3 
 2–3  0.6–2  0.5–1.5  0.3–0.6 

 Magnesium (mg) 

 (mMol) 

 (mEq) 

 3–6  3–6  3–6  2.5–4.5 
 0.12–0.25  0.12–0.25  0.12–0.25  0.1–0.2 
 0.25–0.5  0.25–0.5  0.25–0.5  0.2–0.4 

 Trace elements  TN—1 year mcg/kg/day  Other ages mcg/kg/day 

 Fe  100  1 mg/day 
 Zn  250 < 3month  50 (max 5,000 mcg/day) 

 100 > 3month 
 Cu  20  20 (max 300 mcg/day) 
 Se  2  2 (max 30 mcg/day) 
 Cr  0.2  0.2 (max 5 mcg/day) 
 Mn  1  1 (max 50 mcg/day) 
 Mo  0.25  0.25 (max 5 mcg/d) 
 I  1  1 (max 50 mcg/d) 

   TN  Term newborn;  Max  maximum 
 From  [  6  ] . Reprinted with permission from Nutrición Hospitalaria  
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   PN Organization and Administration 

   Ordering and Preparation 

 The prescription of PN is a considerably complex process  [  6  ] . To prevent errors, recommendations 
include clari fi ed protocols, well-designed printed application forms and, if possible, in electronic 
form  [  21  ] . The PN ef fi ciency can be enhanced with the use of standardized solutions (traditionally of 
little use in pediatrics). Prescription must be made daily in any case  [  5  ] . 

 Parenteral preparation is carried out by the pharmacy services in horizontal laminar  fl ow cham-
bers, following detailed instruction guides relating to the products in use, the order of inputs in the 
mix, and its future storage and protection. All bags must be correctly identi fi ed with the patient’s name 
and its composition. PN “all-in-one” solutions ask for less manipulation and material and personal 
needs, an option when the emulsion’s stability enables its use  [  22  ] . Diary vitamin and oligoelement 
doses are recommended in the same bag.  

   Administration 

   Material  [  5,   6  ]  

 Multilayered bags should be used to store the nutritional solution in a dark refrigerator. Both the bag 
and the system of administration during infusion should be protected from the light to avoid oxidation 
and prevent its oxidation effects on the mix. Infusion will be made through volumetric pumps. Three-
to-one preparation and 1.2- m m  fi lters should be used. In binary mixes, 0.22- m m  fi lters are 
recommended.  

   Modes of Administration/Delivery 

 The therapeutic nutritional aim should be reached in 2–3 days, if the  fl uid administration is correct 
throughout the entire process. The increases will be slower (5–7 days) when the patients are under-
nourished, to prevent the re-feeding syndrome  [  15  ] . PN infusion will be commonly made in continu-
ous form, or exceptionally in shorter time periods (cyclic PN) in patients with hepatic diseases, and in 
long duration or domiciliary PN. Interruption of PN will be made as soon as possible, once nutrient 
input by digestive means is secured.   

   Monitoring 

 The  fi rst stage of PN monitoring is a thorough assessment prior to the start of the nutritional support, 
where indications, nutritional status, venous access, and therapeutic aims are speci fi ed  [  3,   5  ] . Then, 
periodic assessments will be made to evaluate aspects related with  [  8,   15  ] :

   Administration: diary volume of PN and other, technique and use of materials, venous access care,  –
medicament administration.  
  Tolerance, both clinic and biochemical, complication detection and solving, intercurrent diseases.   –
  Ef fi ciency, through anthropometric means and biochemical parameters.     –
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 Clinic controls must include the diary hydric balance, assessing the PN administered volume, phys-
ical assessment, and body parameters. Weight will be assessed daily; other anthropometric parameters 
(weight, height, and cranial circumference) will be recorded monthly. Biochemical controls will be 
made individually, and include hemograms with differential counting, electrolytes, urea/creatinine, 
glucose, acid/base status, calcium/phosphorus, albumin, hepatic enzymes and bilirubin, cholesterol, 
and triglycerides. Glucose, electrolytes parameters, and cetonic bodies will be assessed in urine. 
Vitamin, oligoelement, and osseous mineralization will be assessed in patients with long-term PN.   

   Complications 

   CVC-related complications 

    Vascular insertion may cause several complications, including pneumothorax, laceration of a ves- –
sel, cardiac perforation, cardiac tamponade, etc. These complications are substantially reduced 
when imaging techniques are used during placement  [  11  ] . Accidental breakings or displacements 
accompanied of venous access loss or vascular perforation are frequent in infancy, so CVC must 
be  fi xed correctly.  
  Thrombotic and nonthrombotic occlusion of the catheter should be suspected when drainage occurs  –
around the catheter or when the alarm is set off by infusion pump pressure. Occlusion may be a 
consequence of either external compression, having the distal extreme pushing the vascular wall, 
or light obstruction because of lipid or drugs deposits, blood or  fi brin. Successful results have been 
obtained with alcohol, chlorhydric acid, and other substances in case of lipid or drug deposits  [  23  ] , 
and with  fi brinolytic treatment (alteplase  [  24  ] ) in case of blood or  fi brin occlusion. Catheter  fl ushing 
with saline solutions, after medicament administration or extractions  [  25  ]  is recommended to pre-
vent occlusion.  
  Venous thrombosis, frequent in long duration CVC, may be asymptomatic or cause severe pain,  –
and local or diffuse edema (thromboembolism). To prevent this, the catheter must be  fi xed cor-
rectly and free of possible infections. Therapeutic anticoagulation  [  26  ]  is preferred to prophylactic 
anticoagulation.  
  Catheter-related infections are one of the most frequent and major complications  [   – 3,   5  ] , especially 
in children under 2 years of age  [  6  ] . The most common focuses of infection are the skin  fl ora in short 
duration catheters and the hub in permanent catheters. Blood spreading or solution contamination is 
rare. The most frequent microorganisms are  Staphylococcus epidermidis, Enterobacter  spp. , E. coli, 
Klebsiella pneumoniae, Pseudomona aeruginosa, Staphyloccus aureus, Enterococcus (E. faecalis, 
E. faecium) y Candida albicans,  and other fungy. CVC-associated infection should be suspected if 
the child’s temperature rises above 38.5 °C, presents metabolic acidosis, thrombocytopenia, or glu-
cose homeostatic instability in the absence of any other focus of infection on exploration. 
Simultaneous blood cultures should be performed from peripheral and central blood drawn through 
each lumen of the catheter, and then broad-spectrum antibiotics should be given in accordance with 
the directions of each institution  [  27  ] . Once blood culture and antibiogram results are known, if 
necessary, the administration of antibiotics will be modi fi ed. The duration of treatment depends on 
the germ isolated. In long duration CVC, “antibiotic lock” may be made. Catheter will be removed 
if the septic state persists 48 h after starting the antibiotic treatment, with either documented fungi 
or polymicrobial infections or recurrent bacteremia. Prevention consists in strict following of asep-
tic techniques in CVC handling, including hand washing and use of sterile gloves  [  28–  30  ] .     
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   Metabolic Complications 

    De fi cit or excess of  fl uid, macro and micronutrients are the most common  [   – 8  ] . It is important to 
adjust the nutrients and  fl uids to patients’ needs also taking into account the enteral supply. Special 
care must be given to undernourished patients to prevent the refeeding syndrome  [  15  ] .  
  Growth retardation: prevention is essential  [   – 6  ] . Clinical, anthropometric, and biochemical check-
ups must be made regularly.  
  Metabolic bone disease: multifactorial cause, very frequent in long-term PN, is related to excess  –
trace element inputs (aluminum, phosphorus, and vitamin D), macronutrients (amino acids), and 
energy.  
  PN-associated liver disease (PNALD) in children usually manifests as cholestasis of variable clini- –
cal signi fi cance: from transitory growth of hepatic enzymes (particularly gamma glutamyl trans-
peptidase) and bilirubin in PN over 15-day duration to cirrhosis in long-term PN  [  31  ] . There is an 
increased risk of PNALD in cases of recurrent sepsis or malnutrition. Developmental factors 
include factors related to the underlying disease and patient characteristics (prematurity and low-
birth weight, infection and/or chronic in fl ammation, use of hepatotoxic drugs, surgery  [  32  ] , etc.); 
lack of enteral stimulation; bacterial overgrowth and factors associated with PN either due to 
excessive input (calories, amino acids or glucose, phytosterols, Mn, etc.) or shortage (essential 
fatty acids, taurine, carnitine, or choline). Management of this complication involves adjusting 
parenteral inputs, increasing enteral support, PN cycling, preventing or treating bacterial over-
growth, and using ursodeoxycholic acid  [  6  ] .     

   Psychosocial Complications 

 Psychosocial complications derive from the severity of the child’s underlying disease, need for fre-
quent hospitalizations, complex medical equipment, and family’s overprotection  [  5,   6  ] . To avoid these 
problems an attempt to normalize the patient’s life should be intended. Home PN should be estab-
lished whenever possible.   

   Medication Compatibility 

 Most patients with NP receive other intravenous medications. Other drugs could suffer action 
modi fi cations or precipitate in the catheter lumen. Therefore, compatibility veri fi cation is imperative 
whenever an exclusive administration route for the NP is not available  [  33  ] .      
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      Key Points 

       Home parenteral nutrition is the treatment of choice for intestinal failure. It is safe and allows • 
intestinal adaptation and digestive autonomy in most children.  
      The candidate for home parenteral nutrition should be in a stable condition and requires a safe • 
central venous catheter.  
      Selection of the most appropriate venous access is based on the patient’s vascular access history, • 
venous anatomy, and the nature of the underlying disease.  
      Instructing patients and families about home parenteral nutrition is highly demanding in terms of • 
nursing time and commitment from patients and careers.  
      The teaching program includes guidelines on catheter and pump care, and on the prevention, • 
recognition, and management of complications.  
      Home parenteral nutrition monitoring should include the evaluation of the administration tech-• 
nique, tolerance, and ef fi cacy.      

  Keywords   Pediatric home parenteral  •  Intestinal failure  •  Central venous catheter  •  Monitoring  • 
 Parenteral nutrition-associated liver disease  •  Quality of life  •  Training  •  Complications  

  Abbreviations  

  CVC    Central venous catheter   
  ESPEN    European Society for Clinical Nutrition and Metabolism   
  HPN    Home parenteral nutrition   
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  PNALD    PN-associated Liver Disease   
  PN    Parenteral nutrition   
  QoL    Quality of life   
  SBS    Short bowel syndrome     

   History of Pediatric Parenteral Nutrition 

 Parenteral nutrition (PN) involves the administration of  fl uids and nutrients using routes other than the 
gut, although usually involves central venous catheters (CVC). Home PN (HPN) refers to instances 
where this nutritional support is administered in the patient’s home. Although this form of treatment 
is expensive and complex, it facilitates patients’ social rehabilitation, returning them to their home 
environment, reducing healthcare costs, and improving quality of life (QoL). Pediatric patients pres-
ent speci fi c technical characteristics, as not only should a proper nutritional status be maintained, but 
also optimal growth and development. 

 At the very beginning a major dif fi culty was patients’ rapid development of phlebitis and thrombo-
sis when using a peripheral vein. Although central vein cannulation was  fi rst described in the 1950s it 
was not till late 1960s when it was systematically used for infusion of nutrients  [  1  ] . First case of HPN 
took place in 1969 when Shils et al. in New York, USA, used PN for 7 months in a 37-year-old woman 
with a short bowel syndrome (SBS)  [  2  ] . Following this landmark, HPN extended widely in North 
America as well as in Canada, Australia, and different European countries (France 1970; United 
Kingdom late 1970s)  [  3  ] . First HPN registry for the United States and Canada was started under Prof. 
M Shils development between 1975 and 1983  [  4  ] . In Europe through the Home Arti fi cial Nutrition 
Working Group of the European Society for Clinical Nutrition and Metabolism (ESPEN), multina-
tional surveys have been performed in 1993, 1997, and 2003  [  5–  7  ] . 

 There are very few data about the incidence of HPN in infants and children in Europe. A survey 
performed in 1997 estimated an incidence around 4.9 (France) to 0.23 (Spain) patients/million inhab-
itants below 16 years  [  8  ] . Estimated incidence in France in 2004 was 5/million inhabitants/year. More 
recent data show great differences between countries and even centers (from 1.76 patients/million 
inhabitants to 44.4)  [  9,   10  ]  

 National registers are very useful to know trends, speci fi c indications, ef fi ciency of treatment, costs, 
and to plan how to better use available resources and improve QoL and quality of services  [  11  ] .  

   Indications: Who Needs HPN? 

 The indications for long-term PN are all situations where enteral/oral nutrition cannot meet nutritional 
needs. A candidate for HPN should be in a stable, safe condition and need to have a safe central 
venous access placed  [  12  ] . HPN is recommended for children with primary or secondary intestinal 
failure (Table  19.1 ). The most frequent intestinal disorder is the SBS (secondary to necrotizing entero-
colitis, gastroschisis, intestinal atresia, or volvulus), followed by gastrointestinal motility disorders, 
severe malabsorption syndromes (untreatable diarrhea by microvillic atrophy, intestinal dysplasia, or 
autoimmune enteropathy), and in fl ammatory bowel disease (especially Crohn’s disease). The most 
common extraintestinal processes are those associated with tumor pathology (graft-versus-host dis-
ease, postirradiation or postchemotherapy enteritis) and congenital or acquired immune de fi ciencies. 
It may also be necessary in cases of cystic  fi brosis, chronic liver disease with severe malnutrition prior 
to liver transplantation, etc. A multicenter European survey performed in 2003 showed that the most 
frequent causes were SBS (44%); chronic diarrhea (16%); pseudo-obstruction syndrome (8.3%), and 
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immune de fi ciency (5.4%)  [  13  ] . At least half of the pediatric patients included in an HPN program are 
under 1 year old  [  14  ] .  

 In most cases, intestinal adaptation is achieved over time and HPN can be stopped. In certain 
diseases and when complications arise due to the use of HPN, intestinal transplantation (IT) may be 
recommended. 

 The unique speci fi c contraindication is the lack of central venous access. Nevertheless, the inability 
of the child’s caregivers to take care of HPN is a relative contraindication.  

   Practical Issues 

 To establish and supervise HPN, a multidisciplinary experienced team is needed. This should include 
at least one physician, who is ultimately responsible for the patient, a nurse and/or dietitian and a 
pharmacist, as well as other health-care professionals. Components of the team vary according to the 
characteristics and capabilities of each center  [  15,   16  ] . 

 This team selects HPN candidates according to:

    1.    The underlying disease, likelihood of rehabilitation, and life expectancy. The condition determin-
ing PN must be stable and not improve with hospitalization. Prior to patient discharge, it is essen-
tial to check the tolerance and the safety of the treatment.  

    2.    The estimated duration of support: although it is unclear whether there is a minimum, some authors 
believe it should be at least 30 days  [  17  ] .  

    3.    Family and social characteristics: the patient’s family must be able and willing to provide care and 
to administer the treatment safely and effectively after proper training.  

    4.    Availability of both hospital and family  fi nancial resources, enabling the provision of materials and 
care after discharge.     

 The team will conduct education and training in the HPN technique to parents and/or caregivers 
(and patients, age permitting). The team will also prescribe the treatment mode and monitor it. 

   Table 19.1    Indications for home parenteral nutrition in infants and children   

 Primary digestive diseases 
 Short bowel syndrome 

 Congenital intestinal malformations including gut atresia 
 Mesenteric volvulus 
 Necrotizing enterocolitis in neonates 
 In fl ammatory bowel disease 

 Severe mucosal damage 
 Autoimmune diarrhea 
 Congenital mucosal atrophy and other intractable hereditary diarrheas 
 Consequences of chemotherapy or radiation 

 Motility disorders 
 Pseudo-obstruction syndrome 
 Extensive gut aganglionosis 

 Intestinal, high output  fi stula 
 Protein-losing enteropathy 

 Nondigestive diseases causing malnutrition 
 Cystic  fi brosis 
 Oncologic patients 
 Immune de fi ciency 
 Chronic organ failure: hepatic, renal, etc. as a preparation for transplantation 
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   Requirements 

 Nutritional requirements should include disease-speci fi c needs and factors to be considered include 
medical condition, nutritional status, level of activity, and organ function  [  12  ] . 

 These requirements are established prior to the discharge of the patient and should be reviewed 
shortly after discharge in order to make appropriate modi fi cations. When possible, resting energy 
expenditure should be measured to determine energy load. 

 Although it has been extensively described in Chap.   18     (Parenteral nutrition in infants and chil-
dren) a summary of requirements for  fl uid, electrolytes, and macronutrients is presented in Tables  19.2  
and  19.3 .   

 For newborn and infants speci fi c solutions should be used containing conditionally essential amino 
acids.  d -glucose will be the exclusive supply of carbohydrates. Lipid emulsions are administered at 
20% (MCT/LCT or mixed with olive oil or  fi sh oil); it is essential to ensure a minimum supply of 
essential fatty acids. Some specialists restrict fat intake to three days a week in order to reduce the risk 
of liver complications. The use of  w 3 is currently under study to reverse or reduce this problem  [  18  ] . 

 Phosphorus requirements can be met without precipitation problems by using sodium glycero-
phosphate, which has proven effective and safe. 

 The optimal energy: nitrogen ratio in children is approximately 150–250:1. As most patients receive 
HPN in a cyclic regimen (see below), the rate of glucose delivery should not exceed 1.2–1.4 g/kg/h in 
an infant, 1.0–1.2 g/kg/h in a child 1–10 year old, and 0.5–0.8 g/kg/h in an adolescent  [  19  ] . 

 Each PN infusion should provide water-soluble and lipid-soluble vitamins and trace elements 
according to the patient age, weight, and speci fi c needs. They need to be adapted in case of kidney or 
liver dysfunction.  

   Venous Access. Venous Access Care 

 HPN usually requires a central venous access. Selection of the most appropriate access device is 
based on the patient’s vascular access history, venous anatomy, and the nature of underlying disease 
 [  20  ] . Beside these factors, child’s development, social and intellectual skills, activity level, body 
image concerns, and family function need to be assessed in the decision-making process  [  21  ] . 

   Table 19.2    Fluid and electrolyte requirements in children   

 Age (years)  Water (mL/kg/d)  Na (mmol/kg/d)  K (mmol/kg/d)  Ca (mmol/kg/d)  P (mmol/kg/d)  Mg (mmol/kg/d) 

 <1  120–150  2–3  1–3  1.5–2.25  1.5–2.25  0.24–0.42 
 1–2   80–120  1–3  1–3  0.6–1.5  0.6–1.5  0.1–0.24 
 3–5   80–100  1–3  1–3  0.6–1.5  0.6–1.5  0.1–0.24 
 6–12   60–80  1–3  1–3  0.6–1.5  0.6–1.5  0.1–0.24 
 13–18   40–60  1–3  1–3  0.6–1.5  0.6–1.5  0.1–0.24 

   Table 19.3    Energy, glucose, lipid, and amino acid requirements in children   

 Age (years) 

 Total energy  Glucose  Lipids  Amino acids 

 (kcal/kg/d)  (g/kg/d)  (g/kg/d)  (g/kg/d) 

 <1  90–100  12–18  2–3  1.8–2.5 
 1–7  75–90  8–11  2–3  1.5–1.8 
 7–12  60–75  8–10  1.5–2.0  1.0–1.5 
 12–18  30–60  5–7  1.5–2.0  0.8–1.3 

http://dx.doi.org/10.1007/978-1-62703-254-4_43
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 The most common CVC used are (Table  19.4 ): 

    (a)    Partially implanted devices or tunneled catheters type Broviac ®  or Hickman ® . The catheter is 
placed percutaneously in a central vein and tunneled from the access site to an exit site usually in 
the chest area or in the upper abdomen. If used only for HPN, one lumen catheters are preferred. 
One or two Dacron cuffs are located on the subcutaneous part of the catheter. These cuffs help to 
avoid accidental displacement as well as act as a barrier for bacteria from the skin.  

    (b)    Totally implanted devices or subcutaneous ports (port-a-cath). A subcutaneous port consists of a 
catheter connected to a port or reservoir, placed subcutaneously. To get the port it is necessary to 
puncture the skin by means of a special needle (Huber needle). The needle does not damage the 
diaphragm, and the procedure can be repeated up to 2,000 times before the system needs replace-
ment. Its main advantage is that body image is preserved; on the contrary, the major disadvantage 
is the need to puncture the skin daily.     

 More recently, peripherally  inserted central venous catheters (PICC) have been used both in adult 
and pediatric patients, although the experience is limited. 

 No data are available for comparison of the use of implanted ports with tunneled catheters in terms 
of lifespan, complications, and QoL  [  12  ] . 

   Line Care 

 A strict protocol should be followed regarding aseptic technique and staff training. The fundamentals 
are:

   The placement of such catheters must be performed under sterile conditions in an operating or  –
interventional radiology room  [  22  ] , under general or local anesthesia.  
  It is preferable to use single-lumen catheters for PN because it reduces the incidence of infection.   –
  It is essential to secure catheters  fi rmly, especially in infants and young children, to prevent acci- –
dental removal or dislodgement.  
  Antiseptic washing of hands and use of sterile gloves is essential prior to handling the catheter.   –
  The transparent or gauze dressing covering the exit site should be changed once or twice per week,  –
whenever it is dirty or when insertion point inspection is necessary.  
  Vascular accesses should be kept permeable with heparin or saline, although it is unknown whether  –
its ef fi cacy is similar to that of adult patients.      

   Teaching Patients and Families 

 Careful patient selection is necessary prior to the commencement of family training. This selection is 
ideally done by a multidisciplinary team. Several factors must be considered at this moment: patient 
suitability, home assessment, duration of treatment, and who will fund the therapy. 

   Table 19.4    Central venous access for home parenteral nutrition in children and adults   

 Age  Tunneled catheters (F)  Ports 

 <1 year  2.7–4.2  Rarely used 
 1–3 years  3.0–5.0  Preferably a tunneled catheter 
 4–11 years  4.2–7.0  0.6–1.0 mm internal diameter 
 Adolescents  5.0–12.5  0.8–1.4 mm internal diameter 
 Adults  7.0–13.0  0.8–1.4 mm internal diameter 
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 Teaching patients and families about HPN demands a huge amount of nursing time and commitment 
from the patients and the carers  [  23  ] . Before starting training it is important that they are fully prepared 
physically and emotionally. Sometimes it can be bene fi cial to meet someone already on HPN. 

 The teaching program includes catheter care, preventing and recognizing complications, pump care, 
and managing complications. Instruction manuals, illustrations, or CD are used in most centers  [  24  ] . 

 Training should start when the CVC has been placed. The duration of the training process is on 
average 2 weeks, where the patient or the caregiver can do everything by himself/herself by the sec-
ond week. 

 On discharge it is stressed that the patient is not to be left alone, and a 24 h phone should be 
available.  

   Administration 

 HPN should be administered cyclically (10–18/24 h), adjusting to patient tolerance and infusing pref-
erably overnight by volumetric pumps. Cyclic infusion has metabolic, physical, and psychological 
advantages  [  25  ] . A pump is indispensable for PN. Pumps should achieve a good compromise between 
safety and comfort (simplicity). All-in-one mixtures contained in a multilayered bag and 1.2  m m  fi lters 
should be used. Both the bag and the line of administration during infusion should be protected from 
the light. 

 Although in some institutions the families have to go to the local hospital to get the mixtures as 
well as the ancillary sets, in most cases home care companies deliver them to the home. Currently, 
only a few standard formulas are suitable for children on HPN.  

   Monitoring 

 Follow-up of patients should include monitoring administration (daily volume of PN and other inputs, 
technique, and material used), tolerance (clinical and biochemical), detection and solution of compli-
cations (trouble-shooting, onset of intercurrent diseases), and PN ef fi cacy (growth and body composi-
tion as well as biochemical parameters). Once discharged from hospital, a regular outpatient follow-up 
is planned according to each individual situation, initially at monthly intervals, more frequently if 
necessary, especially in infants. Table  19.5  outlines the main clinical and biochemical check-ups to be 
performed  [  16  ] .    

   Complications 

 HPN is not free of complications. An important aspect is its prevention and early diagnosis, which 
will allow an appropriate treatment to be started quickly enough to avoid immediate and future con-
sequences. Table  19.6  summarizes the main complications, which are described in detail in Chap.   18     
(Parenteral nutrition in infants and children). Catheter obstruction, thromboembolism, catheter-related 
infection, and PN-associated liver disease are the most common and severe complications. Loss of 
vascular access is frequent in children under 2 years of age. In order to avoid aversion to oral feeding, 
it is important to maintain oral intake, mainly in infants. Finally, with the aim to prevent psychosocial 
consequences, patients should attend school and classes regularly whenever possible; similarly, they 
should get involved in extracurricular activities. In summary, the family unit and the patient’s auton-
omy must be promoted and preserved.   

http://dx.doi.org/10.1007/978-1-62703-254-4_43
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   Quality of Life 

 QoL is dif fi cult to de fi ne and measure. Calman de fi ned it as “a re fl ection of the difference at a given 
time between the hopes and expectations of an individual and the individual’s present experience” 
 [  26  ] . There are very few speci fi c questionnaires designed for HPN patients  [  27  ]  Most of published 
reports use generic, validated questionnaires to compare HPN patients to a healthy population, while 
other use disease-speci fi c instruments to investigate more speci fi c issues. More recently a new HPN-
speci fi c questionnaire has been validated in Europe  [  28  ] . There are no speci fi c questionnaires designed 
to assess QoL in children with HPN, so general questionnaires have been used in research  [  29  ] . One 
study addressed the QoL in children participating in the  fi ve existing HPN programs in France  [  30  ] . 
The results showed that their QoL was similar to that of the healthy reference population explored in 
all areas except those related to health. Same results have been observed in other studies  [  31  ] . An 
interesting  fi nding was that siblings also revealed to have an average QoL. By contrast, mothers had 
a lower score for QoL than those of parents of healthy children, and also signi fi cantly lower than that 
of fathers in matters relating to work, home life, and feelings of freedom.  

   Table 19.6    Complications of home parenteral nutrition in infants and children   

 CVC related 
 Pneumotorax, vessel laceration, cardiac perforation, cardiac tamponade 
 Occlusion: external or internal (by lipid, mineral, and drugs deposits or blood) 
 Thromboembolism 
 Catheter-related infections 

 Metabolic complications 
 De fi cit or excess of  fl uid, macro, and micronutrients 
 Growth retardation 
 Metabolic bone disease 
 PN-associated liver disease 

 Psychosocial complications 
 Feeding problems (food aversion) 

   Table 19.5    Clinical and laboratory monitoring of pediatric patients on home parenteral nutrition   

 Frequency 
(months)  Clinical assessment  Laboratory assessment and others complementary tests 

 1–3  Clinical examination  Complete blood count 
 Weight, height/length, 

head circumference 
 Acid–base balance 

 Mid-upper-arm 
circumference 

 Chemistry pro fi le: glucose, serum electrolytes, urea, creatinine, total 
protein, albumin, prealbumin, lipid pro fi le, calcium–phosphorous 
metabolism (calcium, phosphorus, magnesium, alkaline phosphatase), 
zinc, and iron metabolism 

 Skinfold thickness  Liver function tests: aspartate amino transferase, alanine amino trans-
ferase, gamma glutamyl transpeptidase, total and direct bilirubin 

 Dietary assessment  Study of coagulation 
 6–12  Idem  Vitamin levels (A, E, and D) 

 Parathormone and thyroid hormones 
 Hepatobiliary ultrasound 

 2–24  Ídem  Bone densitometry 

  Adapted from: Pedrón-Giner et al. Home parenteral nutrition in children: procedures, experiences and re fl ections. Nutr 
Hosp 2010;25(5):705–11. Reprinted with permission from Nutrición Hospitalaria  
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   Legislation 

 No formal European policy has been developed or proposed to ensure safe, cost-effective, and patient-
centered use of HPN although local guidelines even ESPEN guidelines have been published in recent 
years. 

 Regarding legislation, it differs between countries. Funding, on the contrary, is relatively uniform: 
national health systems support all the costs of HPN in Europe  [  32  ] .  

   Outcomes and Future Perspectives 

 HPN is a safe therapy and is the treatment of choice for intestinal failure because it facilitates intesti-
nal adaptation and digestive autonomy in most children  [  33  ] . However, the success of intestinal adap-
tation is compromised by certain circumstances which often ful fi ll the criteria for PN failure  [  34  ] : (1) 
dif fi culty in maintaining an adequate state of nutrition and hydration despite PN optimization; (2) 
impossibility of surviving without hospitalization due to complications; (3) development of severe PN 
secondary complications (PNALD, loss of venous access, recurrent sepsis, or metabolic disorders) 
 [  35  ] . Even in the cases with few or no complications arranging transition from the pediatric to the 
adult services is a challenging situation, both for the young people and their families  [  36  ] . 

 Patients with intestinal failure are complex. Early referral to the Intestinal Rehabilitation and 
Transplantation Units for appropriate assessment could improve prognosis. Criteria for referral to 
these units are  [  34,   37,   38  ]  liver dysfunction or high risk of developing it; preterm with massive intes-
tinal resection; persistent hyperbilirubinemia (3–6 mg/dL); complex clinical problems (uncertain 
diagnosis, intestinal lengthening interventions); limitation on central venous access (dif fi culty in 
placement or maintenance); extensive venous thrombosis (2 of 4 higher venous accesses), or recur-
rent; frequent catheter sepsis, especially in patients with liver dysfunction. 

 In summary, although the number of pediatric patients receiving HPN is not great, better knowl-
edge, organization, administration, and monitoring of this support technology by specially trained 
personnel and their timely referral to Intestinal Rehabilitation and Transplantation Units can improve 
the outcome for these children in all aspects.      
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   Introduction 

 At birth, the intestine is sterile and colonic function of the human infant is immature. The develop-
ment of the colonic function (i.e., water absorption and carbohydrate fermentation) is related in part 
to that of the bacterial  fl ora. The role of the bacterial  fl ora (intestinal microbiota) has evolved in recent 
years and in addition to the metabolic functions that was known to perform, an important inmunoregu-
latory role has been established and the human microbiome project has been launched with the goal 
of identifying and characterizing the microorganisms which are found in association with both healthy 
and diseased humans. Modulation of the fecal  fl ora by probiotics is the topic of active investigation. 
The role of the  fl ora in health and disease is no longer a hypothesis. Characteristics of the  fl ora have 
been implicated in as causing or perpetuating acute and chronic illnesses that may extend into adult-
hood. Products of carbohydrate fermentation have also been seen to play a regulatory role in the life 
cycle of the colonocyte, the epithelial cell of the colon. Both in infants and adults, a variable propor-
tion of dietary carbohydrate is not absorbed in the small bowel and arrives in the colon where it under-
goes bacterial fermentation. The products of this fermentation are short-chain fatty acids (SCFAs), 
principally acetate, propionate, and butyrate  [  1  ] , together with gases such as CO 

2
 , hydrogen (H 

2
 ), 

and methane (CH 
4
 ). A fraction of these products are absorbed through the colonic mucosa into the 

circulatory system; butyrate is utilized by the epithelial cells of the colon  [  2  ] ; the rest is expelled 
through the anus as stools or  fl atus  [  3  ] .  
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   Development of the Intestinal Flora 

 In the  fi rst year of life, the infant intestinal tract progresses from intestinal sterility at birth to extremely 
dense colonization, ending with a mixture of microbes that is broadly very similar to that found in the 
adult intestine  [  4  ] . The majority of the fecal studies in infants have employed the classical plating 
techniques with culturing on speci fi c media  [  5  ] . These methods present some limitations considering 
the diversity of the bacterial  fl ora. Newer techniques have added some information to the existing 
knowledge. 

 The maternal intestinal  fl ora is a source of bacteria for the neonatal gut. The bacterial  fl ora is 
usually heterogeneous during the  fi rst few days of life, independently of feeding habits. After the 
 fi rst week of life, a stable bacterial  fl ora is usually established. In full-term infants a diet of breast 
milk induces the development of a  fl ora rich in  Bi fi dobacterium  spp. Other obligate anaerobes, 
such as  Clostridium  spp. and  Bacteroides  spp., are more rarely isolated and also enterobacteria and 
enterococci are relatively few. During the corresponding period, formula-fed babies are often col-
onized by other anaerobes in addition to bi fi dobacteria and by facultatively anaerobic bacteria; the 
development of a “bi fi dus  fl ora” is unusual. In other studies the presence of a consistent number 
of bi fi dobacteria in infants delivered in large urban hospitals has not been demonstrated, whether 
the babies were bottle fed or exclusively breast fed. The predominant fecal bacteria were coliforms 
and bacteroides. According to these studies, environmental factors may be more important than 
breastfeeding in gut colonization after delivery. Environmental factors are indeed extremely 
important for the intestinal colonization of infants born by cesarean section. In these infants, the 
establishment of a stable  fl ora characterized by a low incidence of  Bacteroides  spp. and by the 
isolation of few other bacteria is consistently delayed. In extremely low-birth weight infants, hos-
pitalization in neonatal intensive care units, characterized by prolonged antibiotic therapy, paren-
tal nutrition, delayed oral feedings, and intubation seems to affect the composition of the intestinal 
microbiota. 

 The gut is colonized by a small number of bacterial species;  Lactobacillus  and  Bi fi dobacteria  spp. 
are seldom, if ever, identi fi ed. According to the few studies so far performed, the predominant spe-
cies are  Enterococcus faecalis ,  E. coli ,  Enterobacter cloacae ,  Klebsiella pneumoniae ,  Staphylococcus 
epidermidis , and  Staphylococcus haemolyticus . Hygienic conditions and antimicrobial procedures 
strongly in fl uence the intestinal colonization pattern. However, Harmsen et al. using molecular 
identi fi cation of colonies of fecal bacterial cultures from six samples obtained in the  fi rst 20 days of 
life from six breast-fed and six formula-fed newborn infants  [  6  ]  reported that qualitative information 
from the culturing results combined with the data obtained by the FISH technique revealed initial 
colonization in all infants of a complex (adult-like)  fl ora. After this initial colonization, a selection 
of bacterial strains began in all infants, in which Bi fi dobacterium strains played an important role. In 
all breast-fed infants, bi fi dobacteria become dominant, whereas in most formula-fed infants similar 
amounts of Bacteroides and bi fi dobacteria (approximately 40%) were found. The minor components 
of the fecal samples from breast-fed infants were mainly lactobacilli and streptococci; samples from 
formula-fed infants often contained staphylococci,  Escherichia coli , and clostridia. Additional data 
come from a larger study on which fecal samples from 1,032 infants recruited from the KOALA 
Birth Cohort Study in the Netherlands were cultured at 1 month of age  [  7  ] . The authors found that 
the most important determinants of the gut microbiotic composition in infants were the mode of 
delivery, type of infant feeding, gestational age, infant hospitalization, and antibiotic use by the 
infant. Term infants who were born vaginally at home and were breast fed exclusively seemed to 
have the most “bene fi cial” gut microbiota (highest numbers of bi fi dobacteria and lowest numbers of 
 C .  dif fi cile  and  E .  coli ).  
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   Impact of Gut Microbiota on Gut Maturation, the Immune 
System, and Disease 

   In fl uence of Bacterial Colonization on the Immune System 

 Authors have speculated that there could be an association between the characteristics of colonic 
bacterial  fl ora early in the  fi rst few postnatal months and the development of certain diseases later in 
life. It is known that among infants sensitized to some allergen(s), those with high, as compared with 
low levels, of salivary secretory IgA (SIgA) are less likely to develop allergic symptoms  [  8  ] . Sjögren 
et al. found that the number of Bi fi dobacterium species in the early infant fecal samples correlated 
signi fi cantly with the total levels of salivary SIgA at 6 months of age  [  9,   10  ] . Early colonization with 
 Bi fi dobacterium  species, lactobacilli groups, or  C. dif fi cile  did not in fl uence toll like receptors (TLR) 
2 and 4 expression in peripheral blood mononuclear cells (PBMCs). However, PBMCs from infants 
colonized early with high amounts of Bacteroides fragilis expressed lower levels of TLR4 mRNA 
spontaneously. Furthermore, lipopolysaccharide-induced production of in fl ammatory cytokines and 
chemokines, e.g. IL-6 and CCL4 (MIP-1 beta), was inversely correlated to the relative amounts of 
Bacteroides fragilis in the early fecal samples. The same authors also found that children who by 5 
years of age had developed allergy were signi fi cantly less often colonized with lactobacilli group I 
( Lactobacillus  ( L .)  rhamnosus ,  L. casei ,  L. paracasei ),  Bi fi dobacterium adolescentis , and  C. dif fi cile  
during their  fi rst 2 months of life  [  9,   10  ] . 

 An interesting hypothesis has come forth in 2003 and has since found additional support from 
several other publications  [  11  ]  and that is the association between birth by cesarean section and devel-
opment of allergy. In a population-based birth cohort of 2,803 children, information regarding mode 
of delivery, maternal or infant use of antibiotics, and information on potential confounders was 
obtained prospectively from parental reports and the Norwegian Birth Registry. Parentally perceived 
reactions to egg,  fi sh, or nuts, as well as objectively con fi rmed reactions to egg at the age of 21⁄2 years, 
were chosen as outcomes. Results indicated that among children whose mothers were allergic, cesar-
ean section was associated with a sevenfold increased risk of parentally perceived reactions to egg, 
 fi sh, or nuts (odds ratio, 7.0; CI, 1.8–28;  P  = 0.005) and a fourfold increased risk of con fi rmed egg 
allergy (odds ratio, 4.1; CI, 0.9–19;  P  = 0.08) in a logistic regression analysis, adjusting for pregnancy 
complications, birth weight, gestational length, and socioeconomic factors. Among children whose 
mothers were not allergic, the association was much weaker and not signi fi cant. Maternal or infant use 
of antibiotics was not associated with an increased risk of food allergy. Laubereau et al. studied a total 
of 865 healthy full-term neonates with parental history of allergy that participated in the prospective 
German Infant Nutritional Intervention Program (GINI)  [  12  ] . Infants were exclusively breast fed dur-
ing the  fi rst four months of life and had a one year follow-up. It was found that infants born by cesar-
ean section (147/865, 17%) had a greater risk of diarrhea (OR(adj) 1.46, 95% CI 1.022–2.10) and 
sensitization to food allergens, both in adjusted (OR(adj) 2.06, 95% CI 1.123–3.80) and strati fi ed 
analyses (by cord blood IgE). Cesarean delivery was not associated with colicky pain and atopic 
dermatitis. Several other studies have corroborated this  fi nding  [  13,   14  ]  but not all  [  15  ] .  

   Modulation of the Fecal Flora by Probiotics and its Potential Health Bene fi ts 

 Probiotics are live human-derived organisms which impart a health bene fi t to the host. Consumption 
of “good” bacteria in our diets results in the transient changes in the bacteria in our intestinal tract. 
There is a growing and probably justi fi able skepticism of the advertising claims for many natural and 
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food products; therefore, the ability to educate consumers about good bacteria is somewhat limited  [  16  ] . 
Clinical studies have validated the used of probiotics for the following conditions: viral diarrhea, 
antibiotic-associated diarrhea,  C. dif fi cile -associated diarrhea, traveler’s diarrhea, atopic dermatitis, 
pouchitis, irritable bowel syndrome, and infantile colic  [  17  ] .  L. acidophilus, Lactobacillus  GG, 
 Lactobacillus reuteri,  and  Saccharomyces boulardii  are the most studied probiotics. Probiotics have 
been used in single strands or in a combination.   

   Biochemistry of Carbohydrate Fermentation 

 The term  short-chain fatty acid  is really a misnomer as these acids, although indeed have a short chain 
of carbons, are not really fatty but are chemically closer to carbohydrates than to fat  [  18  ] . The term  vola-
tile fatty acids  is not, however, a better descriptor of its characteristics. The name comes from the fact 
that originally these acids were measured by steam distillation following acidi fi cation of the intestinal 
contents and, therefore, were volatile. More modern methods of separation such as gas–liquid chroma-
tography resulted in that name being abandoned. Acetate, propionate, and butyrate are moderately strong 
acids, with an average pK value of 4.8. In the intestine, they exist as negatively charged anions and not 
as free acids. When ionized, SCFAs are not volatile. When carbohydrate arrives in the colon, fermenta-
tion reactions occur. As a result, colonic lumenal pH decreases while the concentrations of ammonia, 
short- and long-chain fatty acids, and bile acids increase. The bacteria capable of fermenting carbohy-
drate are mainly anaerobes or facultative aerobes  [  19  ] . The process of carbohydrate fermentation requires 
for the colonic bacterial  fl ora to be present in a high enough concentration and that the lumenal pH be in 
accordance to the bacterial pK (6 or greater). Therefore, it is obvious that newborns are incapable of 
carbohydrate fermentation to the level achieved by older infants and adults. 

   Actinomyces Bacteroides 

 Another situation in which carbohydrate fermentation is decreased or even abolished is during treat-
ment with broad-spectrum antibiotics  [  20  ]  or when large amounts of carbohydrate are malabsorbed 
daily because the lumenal pH fails below the bacterial pK  [  21  ] . The not uncommon  fi nding of reduc-
ing substances in the stools of infants during the  fi rst few days of life due to the presence of intact 
carbohydrate can be explained by the fact that a fraction of the dietary carbohydrate that is malab-
sorbed by the small bowel cannot be fully fermented and transformed into SCFAs. This is also re fl ected 
by the low breath H 

2
 1evels  [  22  ] . Similarly, despite the fact that the infants are malabsorbing carbohy-

drate, the fecal pH may be 6 or higher. Special types of bacteria are necessary to produce propionate, 
H 

2
 , and CH 

4
 , and to the extent that they are needed, not every individual is capable of producing them 

 [  23  ] . For example, CH 
4
  is generally not produced in the  fi rst years of life. Rutili et al.  [  24  ]  studied 

fecal samples from children between 3 months and 5 years for the presence of methanogenic bacteria. 
Methanobacteria were not detected in fecal samples obtained from children under 27 months of age. 
At 27 months, only one subject harbored methanobacteria; the number of methanobacteria hosts sub-
sequently increased with age, with an incidence of 40% at 3 years and 60% at 5 years. The appearance 
of methanobacteria was not directly related to the introduction of particular foods in the child’s diet. 
These dietary changes could give rise to some physical–chemical modi fi cations of the enteric lumen, 
thus causing the conversion of the intestinal  fl ora to an adult pattern and, in most subjects, the devel-
opment of methanobacteria. 

 SCFAs are known to enhance intestinal growth and function in animal models of resection  [  25  ]  and 
in humans with ulcerative colitis  [  26  ] . As well, they may play an important role in the intestine after 
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surgery  [  25  ] . Of the products of fermentation of carbohydrate, butyrate contributes to the energy 
needs of the colonic epithelial cell  [  2  ] . The process of carbohydrate fermentation and absorption of its 
products is known as “colonic scavenging.” Acetate and to a lesser extent propionate are absorbed 
into the system and, at least in ruminants, contribute a signi fi cant amount to the energy needs of the 
host  [  27  ] . SCFAs and butyrate in particular have effects on epithelial cells. Butyrate inhibits prolifera-
tion and promotes differentiation of several colonic epithelial cell lines  [  28  ] , alters cell morphology 
 [  29  ] , and even in fl uences synthesis and secretion of several proteins  [  30  ] . SCFAs promote cell migra-
tion  [  31  ] . The preferential substrate for the  colonocyte,  the cell that constitutes the mucosal lining of 
the colon, is butyrate. 

 Fitch and Fleming  [  32  ]  determined the in fl uence of substrate concentration and substrate interac-
tions on SCFA metabolism in an animal model. When the luminal concentrations of butyrate were 
increased 20-fold, linear increases in total C resulted, but CO 

2
  production from butyrate increased as 

a function of concentration only up to a certain point and was stable at higher butyrate concentrations, 
indicating a saturation process in the capacity of the colon to further utilize butyrate. The presence of 
a mixture of alternative substrates in the lumen had no in fl uence on the metabolism of butyrate to 
CO 

2
 , but signi fi cantly reduced the metabolism of acetate to CO 

2
 , when compared with young (4-month-

old) animals, transport of butyrate was signi fi cantly lower for aged (48-month-old) animals. These 
results show that important aspects of SCFA transport and metabolism are not predicted from data 
using isolated colonocytes but require study using an in vivo model. 

 Because it was not known whether colonocytes in the newborn can metabolize butyrate, this was 
examined in the newborn and infant rat colon  [  33  ] . Isolated colonocytes from rats of different perina-
tal ages were incubated with 14C-labeled butyrate or glucose in vitro .  Complete oxidation was esti-
mated by the production of 4C-labelled CO 

2
 , whereas intermediate metabolites were measured 

enzymatically. Oxidation of butyrate was highest in newborns, declining at day 10 and even further in 
adult rats. Glucose oxidation was also highest at birth, with a minor increase at approximately day 20 
(weaning period) before decreasing to adult levels. Butyrate oxidation was substantially higher than 
was glucose oxidation in all age groups. The authors concluded that neonatal rat colon epithelial cells 
resemble adult colonocytes in their preference for butyrate as a metabolic substrate, indicating a con-
stitutive expression of this property. 

 Of interest is the fact that the normal micro fl ora of the large intestine synthesizes biotin and that 
the colon is capable of absorbing intraluminally introduced free biotin. To understand the mechanism 
of biotin absorption in the large intestine and its regulation, Said et al.  [  34  ]  used a human-derived, 
nontransformed, colonic-epithelial cell line. The initial rate of biotin uptake was found to be tempera-
ture and energy dependent, Na +  dependent saturable as a function of concentration, and competitively 
inhibited by the vitamin pantothenic acid. These results point to the functional existence of a Na + -
dependent, specialized, carrier-mediated system for biotin uptake in colonic-epithelial cells. This sys-
tem is shared with pantothenic acid.  

   Role of the Colonic Flora 

 The fate of dietary carbohydrate in the infant and the adult is that, even under physiological conditions, 
a certain proportion of the ingested carbohydrate, particularly complex ones such as starches, escape 
complete digestion by pancreatic and mucosal enzymes and thus absorption by the small bowel, there-
fore arriving in the large bowel. In the case of most infants, until cereals are introduced into the diet, 
the carbohydrate incompletely absorbed is lactose. Recent studies indicate that the fraction of carbo-
hydrate malabsorbed by breast-fed infants could be the oligosaccharides present in breast milk  [  35  ] . 
In the presence of a functioning colonic  fl ora, the unabsorbed carbohydrate is fermented according to 
a series of well-de fi ned reactions that depend on the type of bacteria present. The composition of the 
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colonic  fl ora depends on such things as the way the infant was delivered  [  36,   37  ] , whether they were 
term or preterm  [  36,   38  ] , the diet  [  39–  42  ] , and ill-de fi ned in fl uences. The introduction of additional 
food items results in changes in the bacterial enzyme activity  [  43  ] . By the eighth postnatal day, 
 Bacteroides fragilis  can be isolated from the stool of more than 50% of formula-fed, term infants 
delivered vaginally  [  31  ] . Possibly because of contamination that occurs during passage through the 
birth canal, infants delivered vaginally have signi fi cantly higher fecal isolates of anaerobic bacteria 
and  Bacteroides fragilis  in particular than those delivered by cesarean section. Moreover, in the study 
by Long and Swenson  [  36  ] , it was demonstrated that gestational age also affects colonization of the 
bowel, so that by 7 days of age, preterm infants have signi fi cantly less anaerobic bacteria isolated from 
stools than those born full term. This  fi nding could be related to the fact that term infants are larger and 
spend a longer time in contact with maternal  fl uids in the birth canal. The type of feeding also played 
a role in determining the establishment of the fecal  fl ora, an effect that becomes apparent by the sev-
enth day of life. By the third day of life both breast-fed and formula-fed infants have similar bacterial 
counts of  Bacteroides fragilis,  other anaerobic bacteria, aerobic gram-negative bacilli, and strepto-
cocci. By the end of the  fi rst week, however, only 22% of breast-fed infants have  Bacteroides fragilis  
isolated from the stools compared to 61% of the formula-fed counterparts. 

 The fecal  fl ora is also affected by iron supplementation  [  44  ] . In a study that compared the prevail-
ing bacteria in the fecal  fl ora of infants, it was seen that in contrast to breast-fed infants in whom 
bi fi dobacteria predominated and in whom counts of  E .  coli  were low and other bacteria were rarely 
present, infants who were fed an Fe-forti fi ed cow-milk formula had high counts of  E .  coli  and low 
counts and isolation frequency of bi fi dobacteria. In addition, many other kinds of bacteria were fre-
quently isolated in the Fe supplemented, formula-fed infants. Other studies have demonstrated that 
stools of breast-fed infants who have also received formula or cow milk acquire certain characteristics 
not observed in samples from exclusively breast-fed infants  [  41,   44  ] . Such differences include higher 
fecal pH and production of propionate, a SCFA which is virtually absent in feces of exclusively 
breast-fed infants  [  45  ] . 

 The role of the colon on carbohydrate scavenging in the newborn has been the attention of several 
studies. In one of them, sequential studies of breath H2 excretion in response to lactose feeding were 
carried out in 22 premature infants during the  fi rst 7 weeks of life  [  46  ] . Seventy- fi ve percent of infants 
excreted H 

2
  in breath during the  fi rst 2 weeks; 100% did so by the end of the third week. The peak H 

2
  

concentration and the 5-h mean breath H 
2
  excretions were signi fi cantly related to lactose intake per 

day. Calculations using the 5-h mean H 
2
  excretion allowed the authors to estimate that 66% or more 

of ingested lactose entered the colon and was fermented. Throughout the studies, stool patterns and 
rates of weight gain of the infants were normal. In another study, Kien et al.  [  47  ]  measured carbohy-
drate energy absorption and breath H 

2
  concentration in 12 premature infants at 28–32 weeks gesta-

tional age and 2–4 weeks postnatal age. Infants received one of two formulas that differed only in 
carbohydrate source: one contained 100% lactose (LAC) and the other 50% lactose:50% glucose 
polymers (LAC + GP). In 11 of the 12 infants studied, there was evidence of extensive colonic fer-
mentation as suggested by the breath H 

2
  levels. An approximate 100% increase in lactose intake in the 

LAC group was associated with a similar increase in breath H 
2
  concentration. None of the infants 

exhibited diarrhea or vomiting or developed delayed gastric emptying. The mean ± standard deviation 
calculated carbohydrate energy absorption was, respectively, 86 ± 5% and 91 ± 3% in the LAC and the 
LAC + GP groups. The authors concluded that colonic bacterial fermentation may be critical to energy 
balance and to the prevention of osmotic diarrhea in premature infants fed lactose. From these and 
other studies it can be concluded that premature infants normally malabsorb substantial amounts of 
lactose. The elevation of breath H 

2
  observed in these infants, however, apparently represents a suc-

cessful adaptation of the colonic micro fl ora to this physiological malabsorption and should not be 
cause to modify the diet of an infant who is clinically well. 

 With the purpose of identifying aspects of the process of carbohydrate fermentation that could differ 
between breast-fed and formula-fed infants, the authors performed an in vitro study of carbohydrate 
fermentation by the fecal  fl ora of both of the above groups of infants  [  45  ] . The authors incubated fecal 
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samples from breast-fed and formula-fed infants under different conditions: pH 6.8 and 5.5, with and 
without the addition of lactose, to simulate the fecal pH observed in cases of complete carbohydrate 
absorption in the small bowel in the former and that of malabsorption in the latter. The effect of acid 
pH on bacterial fermentation and changes in carbohydrate fermentation in relation to the age of the 
infant were also studied. At pH 6.8, which is within the normal range, addition of lactose resulted in a 
signi fi cant increase in the production of SCFAs and larger amounts of lactose, glucose, and galactose 
compared with what was found in incubates to which no lactose was added. Irrespective of the diet, 
when stools were incubated at pH 5.5, which is the pH found in stools of infants with carbohydrate 
malabsorption, SCFA production was signi fi cantly lower compared to what occurred at pH 6.8. At the 
acid pH, accumulation of glucose and galactose in the incubate of feces of formula-fed infants increased 
signi fi cantly compared to what occurred at the alkaline pH. In contrast, incubates at pH 5.5 of stools 
from breast-fed infants resulted in a greater proportion of lactose as a result of a decrease in the amount 
of lactose hydrolyzed. The decrease in lactose hydrolysis in breast-fed infants resulted in a lower 
osmolality of the incubate which, if it also were to occur in vivo ,  could provide a partial explanation 
for the fact that stool output in cases of carbohydrate malabsorption such as in acute gastroenteritis is 
milder in this population. This is an example of how diet may affect the way that malabsorbed carbo-
hydrate is handled by the colon. 

 Edwards et al.  [  48  ]  measured the concentration of fecal SCFA in babies fed breast milk or infant 
formula from birth. Their study corroborated the knowledge that breast-fed infants have signi fi cantly 
lower fecal pH values at week 2 and 4 than formula-fed infants. These authors found no difference, 
however, in the amount of fecal water between the two dietary groups. As opposed to Lifschitz et al. 
 [  45  ] , Edwards et al. found that the concentration of SCFA was not different between the two groups. 
However, in agreement with Lifschitz et al. they demonstrated higher fecal concentration of propi-
onic, as well as  N -butyric and isovaleric acids, and also con fi rmed the predominance of lactic and 
acetic acid in the feces of breast-fed infants. Of interest is the fact that breast-fed infants produce very 
little  N -butyrate, a SCFA that is known to be the preferential nutrient of the mature colonocyte. 

 As the infant matures and the fecal  fl ora develops, new metabolic products appear in feces. Norin 
et al.  [  49  ]  used the concept of micro fl ora-associated characteristics (MAC), which they de fi ned as the 
identi fi cation of an anatomical structure or biochemical or physiological function in the host that is 
in fl uenced by the micro fl ora. Several of these MACs were identi fi ed. Only in the second year of life 
could intestinal bacteria convert bilirubin to urobilin, degrade mucin, and convert cholesterol. Tryptic 
activity was not demonstrated in meconium, was present in feces from all children studied up to 21 
months of age and, for reasons that are not apparent, absent in 6 out of 15 children in the age group of 
46–61 months. The relevance of this study is that it demonstrated that the establishment of the full 
metabolic capacity of the bacterial  fl ora is a considerably extended process. Another indicator of 
maturation of the fecal  fl ora can be exempli fi ed by the fact that most infants and young children can-
not produce CH 

4
 , as stated before  [  24  ] . 

 It is known that SCFA play a role in water homeostasis in the colon. However, because of the inac-
cessibility of this organ, precise data in humans is dif fi cult to obtain. The transport of sodium has been 
studied in the infant colon  [  50  ] . Absorption of SCFA and its effects on water and sodium conservation 
by the colon were studied in pigs and shown to be age dependant  [  51  ] . Maximal absorption of SCFA 
was seen at birth, followed by a rapid decline over 72 h to a lower and relatively stable level. Water 
and sodium absorption increased with age and the addition of SCFA to the experimental perfusion 
solution resulted in further enhancement in the  fi rst 2 weeks of life. After the fourteenth day of life, 
sodium absorption continued to be enhanced by addition of SCFA, but water absorption remained 
unchanged from control levels, suggesting that although lumenal SCFA levels may be limited early in 
life, their presence has stimulatory effects on the absorption of sodium and water in the colon of new-
borns. The development of the fecal  fl ora has very important practical implications such as regulation 
of water absorption in the colon. The capacity of the colon to compensate for the excessive arrival 
of  fl uid as it occurs in gastroenteritis was studied by Argenzio et al.  [  52  ] . In this study, maximal 
water absorption capacity was compared between 3-day-old and 3-week-old pigs infected with 
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 transmissible gastroenteritis virus. The older animals exhibited a compensatory response to the excess 
water in fl ow to the colon and were able to increase up to six times the capacity to absorb  fl uids 
compared to the younger animals to the point that diarrhea was completely prevented. Moreover, the 
3-week-old pigs were able to ferment to SCFA all carbohydrate that arrived in the colon completely, 
whereas in the younger pigs carbohydrate passed through the colon unchanged and appeared in feces. 
This study demonstrated that development of microbial digestion together with rapid SCFA absorp-
tion is a primary feature responsible for the colonic compensation observed as a factor of age. 

 As stated before, broad-spectrum antibiotic treatment results in a considerable decrease of the 
colonic bacterial  fl ora and consequently the capacity to ferment dietary carbohydrate that arrives in 
the colon and may explain the diarrhea that frequently occurs in infants treated with such drugs  [  53  ] . 
Whenever the amount of carbohydrate arriving in the colon is relatively large, colonic fermentation 
(which can be monitored by the production of H 

2
 ) and SCFA become clinically relevant. This can be 

the case with gastroenteritis or a large amount of carbohydrate and or carbohydrates that cannot be 
completely digested such as when a relatively large amount of certain fruit juices or beverages con-
taining a high concentration of carbohydrate are administered  [  54  ] . Although much has been said 
about fruit juice and carbohydrate malabsorption, the authors have demonstrated that at lower, reason-
able volumes of juice intake, carbohydrate absorption is not a problem  [  55  ] . 

 Excessive colonic fermentation as a consequence of carbohydrate malabsorption or by a character-
istic of the fecal  fl ora has been considered to be one of the causes of infantile colic. Moore et al.  [  56  ]  
performed breath H 

2
  tests following a lactose challenge in infants with colic. They concluded that 

among the infants that they studied, colicky infants produced more H 
2
  in both the fasted state and after 

the ingestion of formula. The authors considered that lactose malabsorption, differences in colonic 
bacterial fermentation conditions, or a difference in the way that the H 

2
  produced was handled (i.e., 

absorbed vs. excreted by  fl atus) could explain the differences observed between colicky and noncol-
icky infants. Another study, however, failed to demonstrate a signi fi cant difference in the amount of 
H 

2
  produced by colicky and noncolicky babies  [  57  ] . 
 Over the years, multiple studies have addressed the potential positive effects of colonization with 

 Lactobacillus  species (e.g., CG).  Lactobacillus  is considered to be a probiotic, that is a living organ-
ism capable of exerting health bene fi ts beyond inherent basic nutrition. An interesting example is the 
effect of  Lactobadllus  CC on shortening the duration of acute diarrhea in children  [  58  ] . 

 As an interesting concept in the process of development of the colon, it is known that the feces of 
40–70% of newborn infants harbor  Clostridium dif fi cile  and toxin B  [  59  ]  in concentrations similar to 
those found in adults with pseudomembranous colitis. However, most newborn infants experience no 
symptoms. Possible explanations for this state of asymptomatic carrier in infants include:

    1.    Absence of enterotoxin A, the toxin responsible for pathogenesis  
    2.    Absence of colonic receptors  
    3.    Diminished in fl ammatory response     

 Again, differences were found based on the type of nutrition: infants fed formula were nearly four 
times more likely to carry  Clostridium dif fi cile  than were those exclusively breast fed (62% vs. 16%). 
Breast-fed infants who were also receiving formula or solids had an intermediate rate of colonization 
(35%)  [  59  ] .   

   Discussion 

 Fermentation of carbohydrate in the large bowel results in the production of acids and gas. It may also 
result in increased water in the lumen of the bowel. The products of carbohydrate fermentation play 
an important role in assuring the welfare of the colonocytes. SCFAs are known to enhance intestinal 
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growth and function in animal models of resection and in humans with in fl ammatory bowel disease. 
As well, they may play an important role in the intestine after surgery. Butyrate, one of the SCFAs 
produced during the fermentation of dietary  fi ber, is a potent inducer of differentiation of tumor cells, 
and it has been speculated that it may account for the protective effects of certain types of  fi ber for 
colonic tumourogenesis. In the infant under physiological conditions, particularly if breast fed, a 
moderate amount of carbohydrate arrives in the colon and is fermented by the bacterial  fl ora. The fact 
that fermentation of carbohydrate takes place and is almost complete is evidenced by the  fi nding of 
H 

2
  breath, the lack of reducing substances in stools, and an increased amount of SCFAs although fecal 

pH remains above 5.5. Whenever the amount of carbohydrate arriving in the colon exceeds the capac-
ity of the bacterial  fl ora to ferment it, carbohydrate appears in the stool. Another possibility is that 
when the amount of SCFA produced is greater than that which can be absorbed by the colon, fecal pH 
falls. This is particularly true for lactic acid, which diffuses through the colonic mucosa less well than 
the other acids. Infants with an incompletely developed colonic  fl ora or those receiving antibiotics, 
which destroy the  fl ora, may not be able to handle excessive amounts of nonabsorbed dietary carbo-
hydrate and develop diarrhea. Older infants produce gas in the colon when fermentation of carbohy-
drate takes place, which leads to discomfort, irritability, or even crying spells. However, a certain 
amount of SCFA may be necessary for the welfare and regulation of cell proliferation of the colono-
cytes. It is therefore important to determine the right amount, if any, of nonabsorbable carbohydrate 
that infants may ingest without developing symptoms.      
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      Key Points 

    Microbiota contributes to the nutritional welfare of the human host through metabolism of complex • 
dietary carbohydrates, generation of short-chain fatty acids as energy substrate for colonic epithelia, 
and production of folate and B vitamins.  
  Probiotics have been de fi ned as nonpathogenic, live, viable microorganisms which, upon ingestion • 
in suf fi cient numbers, alter the micro fl ora.  
  Prebiotics, like fructo- and galacto-oligosaccharides, bene fi t the host by selectively stimulating the • 
favorable growth and/or activity of selected probiotic bacteria in the colon.  
  Probiotics were shown to be ef fi cient for the treatment of acute infectious diarrhea to reduce dura-• 
tion and stool frequency, although optimal probiotic strain and dosage for individual patient groups 
still remain to be determined.  
  For the prevention of diarrhea in children with most pro- and prebiotics, data are too limited for • 
conclusions.  
  No recommendations for the use of pro- and prebiotics for the treatment of Helicobacter pylori • 
infections, in fl ammatory bowel disease, and for the prevention of allergies can be done at 
present.  
  The use of clinically tested products with pro- and/or prebiotics such as follow-up formula, • 
growing-up milks, and cereals after 6 months of age is considered to be safe.     

  Keywords   Probiotics  •  Prebiotics  •  Infectious Diarrhea  •   Helicobacter pylori   •  In fl ammatory bowel 
disease  •  Safety  
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   Introduction 

 Children have ten times more microbial than body cells. Most of them are located within the gastro-
intestinal tract, the so-called gut microbiota. So far, more than 500 different species have been 
identi fi ed with microbiological techniques. However, there are probably many more as might soon be 
revealed by the Human Microbiome Project (HMP), which was started in 2007 by the National 
Institute of Health employing new molecular technologies, such as meta-genomics and high-through-put 
sequencing which no longer require traditional cell culture. The human microbiome is the collective 
genome of all microorganisms present in the human body and on its surface. Remarkable differences 
in the microbiota of human beings have already been shown. One of the goals of the HMP was to 
understand whether changes in the human microbiome are associated with changes in health status. 

 It has long been known that the microbiota contributes to the nutritional welfare of the human host 
through metabolism of complex dietary carbohydrates, generation of short-chain fatty acids as energy 
substrate for colonic epithelia, and production of folate and B vitamins. In addition, the in fl uence on 
the developing immune system has been established since the  fi rst experiments with germ-free ani-
mals more than half a decade ago. More recently, it became also clear that the immune response of the 
human host has reciprocal effect on the composition of microbiota. Diet and elements of modern 
lifestyle such as changes in social structure, urbanization, reduced amount of infections, etc. are asso-
ciated with changes in microbiota which may contribute to the increased risk of allergic and metabolic 
diseases in developed countries. Preclinical and clinical studies have provided evidence linking the 
interaction of immune system and microbiota with the risk of metabolic syndrome  [  1  ] , obesity  [  2  ] , 
and type 1 diabetes  [  3  ] . Recently, Wang et al.  [  4  ]  showed that dietary fat and intestinal microbiota may 
translate into an increased risk of atherosclerosis. The concept of manipulating the gut microbiota 
during and beyond infancy for the prevention or treatment of diseases, including those that become 
manifest in later life, is appealing. However, long-term consequences of such a manipulation need to 
be evaluated. 

 One method of modulating the intestinal  fl ora consists of administration of so-called probiotics via 
food (follow-up formulas, growing-up milks, yoghurts) or supplements. Probiotics have been de fi ned 
as nonpathogenic, life, viable microorganisms which, upon ingestion in suf fi cient numbers, alter the 
micro fl ora. Those were shown to have clearly identi fi able positive effects on health or disease  [  5–  7  ] . 
Probiotics must resist normal digestion to reach the colon alive. The most commonly studied and used 
species of probiotics belong to the genera  Lactobacillus  ( L. rhamnosus  GG (LGG),  L. reuteri , 
 L. johnsonii  La1,  L. salivarius  CECT5713),  Bi fi dobacterium  ( B. lactis  CNCMI 3446 ATCC55730), 
 Streptococcus  ( S. thermophilus ), and  Saccharomyces . It must be pointed out that different probiotics 
have different properties and effects. The term “probiotics” is comparable to the term “antibiotics,” 
which covers different categories of drugs endowed with different antibiotic activities. Some probiot-
ics have been studied and used to prevent or treat infections and others may add value in the prophy-
laxis or treatment of allergic or in fl ammatory diseases  [  8  ] . Inherent biological features may enable 
probiotics to predominate over potentially pathogenic bacteria in the intestinal tract. They can create 
metabolic by-products such as short-chain fatty acids and butyrate, which exert bene fi cial regulatory 
in fl uence and may function as immune modulators in the host  [  9,   10  ] . However, a wide variety of 
probiotic products for children are on the market without proven evidence of safety and ef fi cacy. 

 Another approach of modulating the intestinal gut  fl ora is the addition of nondigestible oligosac-
charides, so-called prebiotics, to food products, beverages, or dietary supplements. Prebiotics bene fi t 
the host by selectively stimulating the favorable growth and/or activity of selected probiotic bacteria 
in the colon, in particular Bi fi dobacteria  [  6,   11  ] . Examples of prebiotics with clinical trials in children 
are fructo- and galacto-oligosaccharides and inulin. Finally, the combination of both pro- and prebiot-
ics may be added to a food product, as so-called synbiotics. Studies on synergies between pre- and 
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probiotics so far have not yet been conclusive. Human milk, which is fed to children in developing 
countries until 2–3 years of age, contains >100 different oligosaccharides, bi fi dobacteria, and lactoba-
cilli in a concentration of 103 to 104 per mL  [  12–  14  ] . Preliminary reports on immunomodulatory effects 
of probiotics in breast milk are promising  [  14,   15  ] .  

   Prevention and Treatment of Infectious Diarrhea 

 Gastroenteritis is the most common infectious disease in children. Despite vaccination campaigns in 
many countries rotavirus is still the most common cause of severe diarrhea, but other viruses, bacteria, 
and parasites induce enteritis and colitis in children as well. The impact of probiotic strains on infec-
tious diarrhea has been studied in many well-designed clinical trials and meta-analyses. The mecha-
nisms by which probiotics prevent and shorten infectious diarrhea are not well understood. They may 
compete with causative pathogens for binding sites, strengthen the mucosal barrier by enhancing 
mucosal secretory IgA production  [  16–  18  ] , increase speci fi c IGA concentration in fecal samples  [  18  ] , 
or act through molecular mechanisms  [  8  ] . 

 A moderate effect of certain probiotic strains, such as LGG,  L. reuteri ,  L. salivarius  CECT5713, 
 Bi fi dobacterium lactis , and  Streptococcus thermophilus  in the prevention and treatment of infectious 
diarrhea in children has been shown in randomized controlled trials and meta-analyses. Evidence has 
recently been reviewed by two independent Pediatric Nutrition Committees (ESPGHAN  [  19,   20  ] ). 
Most studies were conducted in child care centers both in developed and developing countries. 
Children received probiotic strains with milk-based formulas or as supplements. Interesting are stud-
ies where selected strains were evaluated, because only commercial products with one strain or  fi xed 
mixes can be prescribed. 

   Prevention 

 Four studies using  Bi fi dobacterium lactis  as single strain or in combination  [  21–  24  ]  showed a signi fi cant 
reduction in the risk of nonspeci fi c gastroenteritis (RR: 0.43; 95%CI 0.27–0.69; meta-analysis 
Fig.  21.1 ). One positive study each is available for  L. reuteri  ATCC55730  [  24  ] , for  L. salivarius  
CECT5713  [  25  ] , for  L. casei   [  26  ] , and for LGG  [  27  ] .   

   Treatment 

 In the year 2000, a large multicenter clinical trial  [  28  ]  with 140 children revealed the addition of LGG 
at  ³ 1010 colony forming units (CFU)/250 mL to oral rehydration solution (ORS) to be ef fi cacious for 
treatment of diarrhea in children <3 years of age. Duration of diarrhea after enrollment was 58 ± 28 h 
with ORS + LGG vs. 72 ± 36 h with ORS (mean ± SD;  P  = 0.03). Duration in the subgroup of rotavi-
rus-positive children was 56 ± 17 vs. 77 ± 42 h ( P  < 0.008). Diarrhea lasted longer than 7 days in 2.7 
and 10.7% of children with and without LGG, respectively ( P  < 0.01). Hospital stays were signi fi cantly 
shorter in the group with LGG. Other studies con fi rmed addition of LGG to ORS to reduce duration 
of acute diarrhea in children by 1 day, to lower the risk of a protracted course, and to result in faster 
discharge from hospital  [  20,   29  ] . Similarly, the addition of  L. reuteri  ATCC55730 reduced the duration 
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  Fig 21.1    Meta-analysis comparing the effect of addition of  Bi fi dobacterium lacti s as single strain or in combination to 
infant formula on reduction in the risk of nonspeci fi c gastroenteritis. The relative risk of 0.43 suggests that compared 
with no addition,  Bi fi dobacterium lactis  reduces the risk by 57%       

  Fig 21.2    Meta-analysis comparing the effect of  L. reuteri  on duration of diarrhea. The RR of −0.87 suggests that 
 compared with no addition, the use of  L. reuteri  reduces the duration by 0, 87 days (i.e., 22 h)       
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of diarrhea by 21 h (RR −0.87; 95% CI −1.37 to 0.39; meta-analysis Fig.  21.2 ;  [  30–  32  ] ). However, it 
is not clear whether bene fi t is speci fi c only to the strains LGG and  L. reuteri , as a recent systematic 
review indicated that several strains might be bene fi cial: 63 studies in a total of 8,014 patients were 
identi fi ed in which probiotic strains were used during oral rehydration therapy for treatment of acute 
diarrhea  [  29  ] . Of these, 56 trials recruited infants and young children. The trials were undertaken in a 
wide range of settings, greatly varied in tested strains, dosage, and patient  characteristics. Probiotics 
reduced the duration of acute diarrhea, although the effect size varied considerably among studies. The 
effect was signi fi cant for the duration of diarrhea (mean difference 24.8 h; 95%CI 15.9–33.6 h; 
 n  = 4,555, trials=35), the risk of diarrhea lasting  ³ 4 days (RR: 0.41; 95%CI 0.32–0.53;  n  = 2,853, 
trials=29), and stool frequency on day 2 (mean difference 0.80; 95%CI 0.45–1.14;  n  = 2,751, trials=20). 
The differences in effect size were not explained by study quality, probiotic strain, the number of dif-
ferent strains, viability or dosage of organisms, the cause or severity of diarrhea, or whether studies 
were run in developed or developing countries. Authors concluded that several probiotic strains which 
were tested seem to have bene fi cial effects in acute infectious diarrhea by reducing duration and stool 
frequency. However, it was not clear which probiotic strain and dosage was most ef fi cacious for 
speci fi c patient groups.  

 Persistent diarrhea lasting for more than 14 days accounts for one third of diarrhea-related deaths 
of children in developing countries. Four randomized controlled trials enrolling a total of 464 children 
were identi fi ed to evaluate probiotic strains for treating persistent diarrhea in children  [  33  ] . Probiotics 
reduced the duration of persistent diarrhea and stool frequency, as shown in a meta-analysis of two 
trials ( n  = 324, mean difference 4.0 days, 95%CI 3.4–4.6 days). One trial reported signi fi cantly shorter 
hospital stay, but numbers were small. Thus, there is still limited evidence suggesting a speci fi c pro-
biotic strain to be effective in the treatment of persistent diarrhea in children.  

   Prebiotics 

 In 1993, a small study in 34 Peruvian infants showed some evidence that addition of dietary  fi ber (soy 
polysaccharide) to infant formula can ameliorate diarrheal stools  [  34  ] . However, the study was not 
statistically powered to prove the effect. Moore  [  35  ]  evaluated the tolerability and gastrointestinal 
effects of FOS-supplemented infant cereal used as addition to the daily diet of healthy infants. Mean 
FOS consumption was 0.7 (SD 0.4) g/day reaching up to a maximum of 3.0 g/day. FOS consumption 
led to more regular and softer stools without diarrhea, as well as to less-reported frequency of symp-
toms associated with constipation such as hard stools or days without stool. No effect on prevention 
of diarrhea was shown. 

 Three publications of one study group which investigated the effects of the administration of an 
extensively hydrolyzed whey-based infant formula supplemented with GOS/FOS  [  36–  38  ]  were 
recently reviewed by ESPGHAN  [  19  ] . The GOS/FOS supplemented formula was associated with a 
number of bene fi cial health outcomes but not with a reduction in diarrheal episodes which was a sec-
ondary endpoint. There are no randomized clinical trials with prebiotics in children with diarrhea 
prevention or treatment as primary endpoint  [  20,   39  ] . Therefore, no recommendation on the use of 
prebiotics for prevention and treatment can be made at present.   

   Prevention of Antibiotic-Associated Diarrhea 

 Diarrhea is a common side effect if antibiotics are given orally or parenterally. Meta-analyses of clini-
cal trials show controversial results regarding the ef fi cacy of probiotics for the prevention of AAD. 
One focused on pediatric patients and identi fi ed six randomized controlled trials  [  40  ] . Treatment with 
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probiotics compared with placebo reduced the risk of (Antibiotic-Associated Diarrhea) AAD from 
28.5 to 11.9% (RR: 0.44, 95%CI 0.25–0.77). A prede fi ned subgroup analysis showed that risk reduction 
of AAD was associated with the use of  B. lactis  and  S. thermophilus  (1 trial, 157 participants, RR 0.5, 
95%CI 0.3–0.95), LGG (2 trials, 307 participants, RR 0.3, 95%CI 0.15–0.6), or  S. boulardii  (1 trial, 
246 participants, RR 0.2, 95%CI 0.07–0.6)  [  23  ] . Based on this analysis the Nutrition Committee of 
the AAP concluded that there is evidence of a bene fi cial effect.  [  20  ] . However, those  fi ndings are not 
in line with the last Cochrane database review  [  41  ]  which was based on 10 independent pediatric 
trials, 6 with single strains and 4 with a combination of 2 strains. Nine of these studies reported a 
reduction in the incidence of diarrhea. However, based on an intention-to-treat (ITT) analysis probiot-
ics had no effect (RR 0.90, 95% CI 0.50–1.63) due to signi fi cant dropout. Similarly, a recent meta-
analysis on the ef fi cacy of different Lactobacillus probiotic strains in preventing AAD showed no 
clear effect  [  42  ] : 10 randomized, blinded, placebo-controlled trials were considered. A total of 1,862 
patients received either Lactobacillus at total daily doses of 2–40 × 109 CFU or placebo throughout the 
entire antibiotic treatment (5–14 days). Four studies included pediatric patients with age ranging from 
2 weeks to 14 years. The relative risk of developing AAD was signi fi cantly lower with  Lactobacillus , 
but in the subgroup of pediatric patients the effect was not signi fi cant (RR: 0.44, 95%CI 0.18–1.08). 
No clear recommendation can be made until results are con fi rmed through independent studies with 
clear-cut primary endpoints, in particular with the most promising strains  B. lactis / S. thermophilus , 
LGG, and  S. boulardii .  

    Helicobacter pylori  Eradication 

  Helicobacter pylori  is a highly prevalent pathogen, a major cause of chronic gastritis and peptic ulcer, 
and a risk factor for gastric malignancies.  H. pylori  eradication treatment with antibiotics is 90% 
effective. However, it is expensive and causes side effects and antibiotic resistance. Probiotics might 
be a low-cost, large-scale alternative to prevent or treat  H. pylori  colonization. Interest in probiotics 
is driven by clinical data showing ef fi cacy of some probiotic bacteria and the rising demand of con-
sumers for “natural” therapies  [  43  ] . 

 Since  fi rst studies have indicated that the ingestion of milk supplemented with  Lactobacillus aci-
dophilus  La1 can downsize  H. pylori  infection and gastritis in adults  [  44  ] , there has been a continuous 
interest to demonstrate the therapeutic effect of probiotics. Seven out of nine studies in adults showed an 
improvement of  H. pylori  gastritis and decrease in  H. pylori  density after administration of probiotics 
 [  45  ] . Use of probiotics as an adjunct to standard antibiotic treatment signi fi cantly improved 
 H. pylori  eradication rates (81% vs. 71% with antibiotic alone;  p  = 0.03) and also signi fi cantly reduced 
 H. pylori  therapy-associated side effects (23% vs. 46%, with antibiotic alone;  p  = 0.04). Effects are 
often dif fi cult to compare due to heterogeneity of studies regarding the employed probiotic strains, 
doses, and formulations. Based on current literature probiotics are unlikely able to eradicate 
 Helicobacter pylori  but might be useful as adjuvant in adults  [  43  ] . 

 One recent meta-analysis also considered pediatric patients  [  46  ] . Five randomized controlled trials 
included a total of 1,307 participants among them 90 children. Compared with placebo or no interven-
tion,  S. boulardii  given concomitantly to triple therapy signi fi cantly increased the eradication rate 
(four RCTs,  n  = 915, RR: 1.13, 95%CI 1.05–1.21) and reduced the risk of overall  H. pylori  therapy-
related adverse effects ( fi ve RCTs,  n  = 1305, RR: 0.46, 95%CI 0.3–0.7), particularly of diarrhea (four 
RCTs,  n  = 1,215, RR: 0.47, 95%CI 0.32–0.69). No detailed analysis for the pediatric subgroup was 
possible. The authors concluded that there is some evidence to recommend the use of  S. boulardii  
along with standard triple therapy to increase eradication rates and decrease side effects, particularly 
diarrhea. However, the evidence-based guidelines for  Helicobacter pylori  infection in children by 
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ESPGHAN and NASPHAN as of 2011 do not mention probiotic strains as part of eradication therapy 
 [  47  ] . In addition, limited data on prevention do not allow any recommendation.  

   In fl ammatory Bowel Disease 

 Experimental and clinical research which has recently been reviewed  [  8,   15  ]  indicates loss of immu-
nological tolerance of the intestinal microbiota to be an important factor in the etiology of Crohn’s 
disease (CD) and perhaps also of ulcerative colitis (UC). The discovery of the role of intestinal micro-
biota in the onset of in fl ammatory bowel disease (IBD) increased the interest to therapeutically modu-
late the intestinal  fl ora of patients. It is estimated that about 40–70% of children and adults suffering 
from UC and CD use probiotics as either adjunct or replacement therapy  [  48,   49  ] . The administration 
of probiotics to adults with mild to moderate chronic UC has effects comparable to the treatment with 
anti-in fl ammatory drugs, such as mesalamine  [  50  ] . In particular, three clinical questions were evalu-
ated in those studies which included some pediatric patients: maintenance of antibiotic-induced remis-
sion, treatment of acute active pouchitis, and prophylaxis of postoperative pouchitis. Pouchitis is a 
nonspeci fi c in fl ammation in the ileal pouch which is used as reservoir after colectomy due to UC. A 
mix of four different Lactobacilli, three strains of Bi fi dobacteria, and one strain of Streptococcus 
thermophilus (VSL#3; Sigma-Tau Pharmaceuticals, Gaithersburg, MD) was tested in a randomized 
controlled trial. Remission through antibiotic treatment was achieved in all patients within 4 weeks. 
However, 17 out of 20 patients receiving probiotics were still in remission after 9 months follow-up 
whereas all patients in the placebo group had relapsed  [  51  ] . Whereas a second trial of the same group 
con fi rmed the results with the same mix of probiotics  [  52  ] , a study with LGG showed no effect  [  53  ] . 
A meta-analysis of  fi ve RCTs indicated that probiotic strains can be effective in the management of 
pouchitis (OR: 0.04; 95%CI 0.01–0.14)  [  54  ] . 

 In a RCT, children with newly diagnosed UC were given the VSL#3 mix along with corticosteroid 
induction therapy and mesalamine maintenance therapy. Remission was induced in 93 and 36% of the 
pediatric patients receiving and not receiving probiotics, respectively ( p  < 0.001) and 23 and 73% 
patients, respectively, relapsed within 1 year (RR: 0.32; 95%CI 0.25-0.77;  [  55  ] ). Guandalini  [  56  ]  
concluded that in UC, based on preliminary results, high-concentration probiotic formulations like the 
proprietary preparation VSL#3 could be effective as adjuvant therapy, both in inducing and maintain-
ing remission. No general recommendation for the use of probiotics as adjuvant therapy in UC can be 
given until the results are con fi rmed by larger studies  [  20  ]  and no proven bene fi t has yet been shown 
for probiotics in patients with CD  [  20,   56  ] .  

   Prevention and Treatment of Allergies 

 Allergic responses during childhood most commonly occur as atopic dermatitis, eczema, wheezing, 
and asthma. According to the “hygiene hypothesis” atopic, T-helper cell (Th) type 2-mediated dis-
eases are on the rise over the last decades at least in part due to decreased exposure to microbial anti-
gens early in life, improved sanitation, and relative sterility of the modern environment. Decreased 
antigen exposure adversely affects the developing immune system and increases the prevalence of 
atopic disease  [  15,   58  ] . The intestinal mucosal immune system is important for the development of 
tolerance towards dietary and harmless microbial and environmental antigens. The normal interaction 
of infants with microbes is thought to be compromised in the Western world, with a reduction in 
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Bi fi dobacteria and an increase in  Clostridium  species, in particular in infants born by Cesarian section 
and/or fed with formula  [  57,   58  ] . The ef fi cacy of probiotic prevention of allergic disease was shown 
in studies in which mothers with a history of allergy received LGG supplements during the last trimes-
ter of pregnancy and the breast-feeding period. Follow-up of children at 2, 4, and 7 years of age indi-
cated lower prevalence and cumulative incidence of atopic dermatitis in children of so-treated mothers 
 [  59–  61  ] . However, allergic rhinitis and asthma tended to be more common in the probiotic group. 

 A more recent study with  L. reuteri  failed to con fi rm that pre- and postnatal supplementation is 
effective in preventing atopic dermatitis, but showed an effect on IgE-associated eczema during the 
second year of life  [  62  ] . Supplementation of high-risk infants with  L. acidophilus  (LAVRI-A1) had no 
effect on atopic dermatitis at 12 months of age, but a higher risk of cow’s milk sensitization was found 
in the supplemented group  [  63  ] . Therefore, the positive effect reported by Kalliomäki et al.  [  59,   61  ]  
might be related to the strain and/or the study design and needs further con fi rmation. A recent meta-
analysis concluded that there is insuf fi cient evidence to recommend single use of lactic acid bacteria 
for prevention of eczema  [  64  ] .  

   Safety 

 In most safety studies selected probiotic strains were provided as supplements or forti fi ed formula to 
premature and term infants, between 6 and 36 months of age. Several randomized clinical trials in 
healthy infants and toddlers indicate that  L. acidophilus  johnsonii La1  [  65,   66  ] ,  L. rhamnosus  LPR 
(Chouraqui et al.  [  67  ] ), LGG  [  68  ] ,  L. reuteri  ATCC 55730  [  24  ] , and  L. salivarius  CECT5713  [  25  ]  are 
safe. Some lactobacilli (e.g.,  L. acidophilus  johnsonii La1) produce  d -lactate, which was supposed 
to result in metabolic acidosis if accumulated in infants. We have shown that the concentrations of 
 L. acidophilus  johnsonii La1 in formulas for older infants and toddlers (107 to 108 CFU/g formula 
powder) do not cause any increase in urinary  d -lactate excretion and therefore are safe for this age 
group  [  66  ] . However, concerns about safety of different Lactobacilli and Saccharomyces have been 
raised in high-risk groups after severe adverse events occurred  [  69  ] . Those groups would include 
premature and immunocompromised patients and/or patients having intravenous catheters or other 
indwelling devices. Due to the limited safety information Lactobacilli cannot be recommended in 
those children  [  20  ] . 

  Bi fi dobacterium lactis  given with or without Streptococcus thermophilus has a long history of safe 
use in children  [  21,   70  ] . A recent systematic review indicated  Bi fi dobacterium lactis  to be safe even 
in the most vulnerable group of infants—those born with birth weight <2,500 g and treated in inten-
sive care units  [  46  ] . In developing countries, either no adverse reactions were reported in healthy  [  71  ]  
and HIV-infected children  [  72  ]  receiving formulas supplemented with  Bi fi dobacterium lactis  in ran-
domized clinical trials. 

 The use of prebiotic products such as follow-up formula, growing-up milks, and cereals after 6 
months of age is considered to be safe [ 19 ,  20 ,  65 ,  73 ]. Two well-conducted systematic reviews of 
randomized clinical trials in healthy young infants con fi rm safety  [  74,   75  ] . The most commonly stud-
ied prebiotic were galactooligosaccharides (GOS) with or without fructooligosaccharides (FOS)  [  19  ] . 
One recent suf fi ciently powered randomized trial in children under mechanical ventilation con fi rmed 
safety of a mixture of probiotics ( Lactobacillus paracasei  NCC 246,  Bi fi dobacterium longum  NCC 
3002) and prebiotics (FOS, Inulin, Acacia gum;  [  76  ] ). More studies need to con fi rm safety of different 
prebiotic or synbiotic mixtures for high-risk children  [  19  ] .  
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   Conclusions and Recommendations 

 The use of pre- and probiotics to exert bene fi cial in fl uence on the gut microbiota has shown great 
potential for the prevention and treatment of gastrointestinal symptoms and diseases. However, cur-
rent evidence is yet insuf fi cient to come up with general recommendations. Best evidence of ef fi cacy 
exists for the treatment of acute infectious diarrhea with probiotics shown to reduce duration and stool 
frequency, although optimal probiotic strain and dosage for individual patient groups still remain to 
be determined. There is less, but consistent evidence for similar effects in persistent diarrhea in chil-
dren. For the prevention of diarrhea in children for most probiotics only one positive study is available 
and data are too limited for conclusions. The same applies to prebiotics for which randomized clinical 
trials with outcomes relevant to diarrhea prevention and treatment as primary endpoint are lacking. 
Data on the ef fi cacy of probiotics for the prevention of AAD are controversial but at least promising 
for the strains  B. lactis / S. thermophilus , LGG, and  S. boulardii . Regarding  Helicobacter pylori , pro-
biotics might be a useful adjunct treatment to antibiotics to foster eradication rates and alleviate side 
effects, particularly diarrhea, although this is not yet endorsed by of fi cial evidence-based guidelines. 
Available data is not conclusive regarding the ef fi cacy of probiotics, neither in the prevention of 
H. pylori and of allergic diseases nor as adjuvant in the treatment of UC or CD. With the caveat that 
administration of life micro-organisms is never without risk and that safety data for some strains in 
high-risk groups is scarce, current probiotics can generally be considered safe.      
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      Key points 

    The adequate establishment of the intestinal  fl ora after birth plays a crucial role in the development • 
of gut barrier function, the innate and adaptive immune system, and GI motility to prevent the 
expression of clinical gastrointestinal disease states.  
  Taking breast feeding as the natural example of functional food able to induce effects beyond • 
nutritional needs, the prebiotic/probiotic formula should be considered as a physiological approach 
to in fl uence intestinal microbiota early in the life and so the related intestinal functions.  
  Bi fi dobacteria and lactobacilli are the most popular micro-organisms for probiotic applications and • 
the most effective ones are of human origin. There are several reports of probiotics and prebiotics 
in disease prevention or enhancement of immune function, reinforcement of the gut defense, and 
maturation of gastrointestinal motility.  
  Most of the studies to date using probiotics and prebiotics to manipulate the intestinal microbiota • 
and to prevent or treat disease have been empiric and much more needs to be learned about the 
indigenous  fl ora and their interactions with the developing intestinal tract before we can be com-
fortable in routinely manipulating the intestinal microbial ecosystem.     

  Keywords   Newborns  •  Prebiotics  •  Probiotics  •  Breast milk  •  Formula  •  Nutrition  •  Motility  •  Gastric 
emptying  •  Intestinal immunity  

   Introduction 

 Human breast milk is always seen as the preferred choice for infant nutrition  [  1  ] . It is a wholly 
nutritious complete food for infants and contains many components that have important bioactive 
roles  [  2,   3  ] . In particular, several glycoprotein and soluble oligasaccharides were found to be selec-
tively stimulatory for bi fi dobacteria  [  4,   5  ] . Gut  fl ora dominated by bi fi dobacteria account for healthier 
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outcome of breast-milk infants respect to formula-fed ones. Some kinds of oligosaccharides act as 
soluble receptors of different pathogens at mucosal level, so demonstrating a higher immunological 
resistance in breast-milk infants  [  6  ] . 

 During the last few years the role of the intestinal micro fl ora in health and disease has become 
increasingly recognized and diet has been demonstrated to in fl uence the relative amount of microbial 
species and strains of the gastrointestinal tract  [  7  ] . Much interest exists in modulating the composition 
of the gut towards a potentially more bene fi cial community. This outcome may be achieved by using 
targeted dietary supplementation  [  8  ] . Whenever breast feeding is not possible or not chosen, infant 
formulas are the alternatives. One approach to fortify the biological role of formula feeds has been to 
use probiotics and prebiotics as constituents  [  9  ] . 

 Bi fi dobacteria and lactobacilli are the most popular micro-organism for probiotic applications and 
the most effective ones are of human origin  [  10  ] . Probiotic supplementation in infant formulas has 
shown that some strains may persist in the infant gut  [  11,   12  ]  and lower stool pH  [  13  ] . Supplementation 
with LGG  [  14  ]  and with Bi fi dobacteriumbi fi dum and Streptococcus thermophilus has been successful 
in preventing viral diarrhea in infants  [  15  ] . An alternative approach for intestinal  fl ora modulation is 
the use of prebiotics, nondigestible food component that selectively stimulate certain bacteria resident 
in the gut  [  16  ]  rather than introducing exogenous species, as is the case with probiotics. Any dietary 
component that reaches the colon intact is a potential prebiotic but most of the interest in the develop-
ment of prebiotics is aimed at nondigestible oligosaccharides. The prebiotic approach has the advan-
tage that heat stability or exposure to O 

2
  is not an issue and it is concentrated towards stimulation or 

enhancement of the indigenous probiotic  fl ora. Hence, for practical as well as ethical reasons their use 
in formula feeds currently seems to be more widespread than the use of probiotics. The targeted health 
bene fi ts are similar. It is likely that inclusion of such dietary prebiotic components in moderate 
amounts may bene fi t formula-fed infants by establishing an intestinal  fl ora with more bi fi dobacteria 
and less harmful bacteria. The health aspects of this approach have not yet been determined. 

 A further possibility in micro fl ora management is the use of synbiotics, the combination of probiot-
ics and prebiotics. A synbiotic has been de fi ned as ‘a mixture of probiotics and prebiotics’ that 
bene fi cially affects the host by improving the survival and implantation of live microbial dietary 
supplements in the GI tract, by selectively stimulating the growth and/or activating the metabolism of 
one or a limited number of health-promoting bacteria, and thus improving host welfare. However, 
they have not yet entered the infant food market.  

   The Microbiome–Host Cross-Talking 

 The work of Pasteur, Lister, and Koch demonstrated that microbes play a signi fi cant role in the cause 
and prevention of human disease. It is now known that bacteria are both helpful and harmful to their 
human hosts. The human microbiome, broadly de fi ned, is the full collection of microbes (bacteria, 
fungi, viruses, etc.) and their DNA that naturally exist in a given habitat of the human body  [  17  ] . 
The habitat with the largest and most complex arrangement of microorganisms is the gastrointestinal 
system, which includes approximately one trillion (10 12 ) bacterial cells per 1 g of feces in the average 
human individual  [  18  ] . The collective bacterial genome of the human microbiota encodes an esti-
mated two to four million genes, surpassing the human genome by a staggering 140-fold. Intestinal 
bacteria carry thousands of enzymatic reactions, such as synthesis of vitamins, harvest of otherwise 
inaccessible nutrients, regulation of drug metabolism, renewal of gut epithelial cells, and development 
and activity of the immune system and thus act as an “organ within an organ.” It is the variability 
between harmful and helpful bacteria that dictates health or disease. The variation in a speci fi c micro-
biome may result from a combination of factors such as host genotype, host physiology, host immune 
system (including the properties of the innate and adaptive immune systems), host lifestyle (including 
diet), host pathobiology (disease status), host environment, and the presence of transient populations 
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of microorganisms. Building on this work, the aim of contemporary scientists has been to develop a 
more precise understanding of the mechanisms of action between microbes and gastrointestinal tract 
 [  19  ]  (Fig.  22.1 ).  

 The intestinal tract is no more considered as a simple tube that provide the progression and diges-
tion of food but a dynamic interface between the external environment and the mammalian host. Such 
function is performed by the selective regulation of cells, microorganisms, and macromolecules 
traf fi cking between the intestinal lumen and the submucosa. This function requires sophisticated sen-
sor systems to be responsive to a wide variety of stimuli and to modulate proper set of responses to 
the complex climax community of microbial partners that populate the GI tract. What is becoming 
increasingly clear is that some microorganisms have developed tools to twist the host–microbial 

  Fig. 22.1    Commensal bacteria inhabiting the human intestine (i.e., intestinal micro fl ora) participate in the development 
and maintenance of gut sensory and motor functions, including the promotion of intestinal propulsive activity. The nor-
mal intestinal motility requires the coordination between enteric motor neurons ICC and smooth muscle cells. The ENS 
in fl uence the gut directly with the activity related to the contraction (SMC ICC) and indirectly in fl uencing the cells of 
the gut immune system. The functional bidirectional interaction acts via neuroimmune peptide receptor on immune 
cells and on several receptor for immune mediators expressed on enteric nerves. Immune cells release mediators (cytok-
ines, prostanoids) in response to neural stimuli. Enteric and sensory nerves respond to immune stimuli       
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interaction to their own advantage, so triggering host pathophysiological changes leading to local and 
even systemic disorders. As a result, new knowledge about speci fi c factors that play a role in the 
complex relationships between bacterial cells and gastrointestinal tract has been developed. The most 
important mechanisms involved are brie fl y reported below. 

   Intestinal Barrier Function 

 The intact intestinal epithelium with the normal intestinal micro fl ora represents a stable barrier for 
protecting the host and providing normal intestinal function. In fact, the gut barrier is able to prevent 
luminal pathogens and harmful substances from entering into the internal milieu and yet promoting 
digestion and different architectural units of this barrier. Exposed to trillions of luminal microbes, the 
intestinal mucosa averts threats by signaling to the innate immune system, through pattern recognition 
receptors, to respond to the commensal bacteria by developing tolerance towards them  [  20  ] . This 
system also acts by protecting against pathogens by elaborating and releasing protective peptides, 
cytokines, chemokines, and phagocytic cells. The intestinal mucosa is constantly sampling luminal 
contents and making molecular adjustments at its frontier. When either the normal micro fl ora or the 
epithelial cells are disturbed by triggers such as dietary antigens, pathogens, chemicals, or radiation, 
defects in the barrier mechanisms become evident. Altered permeability further facilitates the inva-
sion of pathogens, foreign antigens, and other harmful substances  [  21  ] . Disturbed intestinal micro fl ora 
may lead to diarrhea, mucosal in fl ammation, or activation of harmful drugs and carcinogens in intes-
tinal contents  [  22  ] .  

   GI Mucosal Immunology 

 Gut associated lymphoid tissue (GALT) is composed of both inductive (Peyer’s patches) and effector 
sites (intraepithelial cells and lamina propria). GALT, dealing with intestinal micro fl ora, prevents 
potentially harmful intestinal antigens from reaching the systemic circulation and induces systemic 
tolerance against luminal antigens by a process that involves polymeric immunoglobulin A (IgA) 
secretion and the induction of regulatory T cells  [  23  ] . The precursors of IgA plasma cells are gener-
ated in follicular organized structures with the help of T cells and the secreted IgAs provide protection 
against mucosal pathogens. However, only recently we began to appreciate that IgAs play key roles in 
regulation of bacterial communities in the intestine and that the repertoire of gut microbiota is closely 
linked to the proper functioning of the immune system  [  24,   25  ] . 

 Antigen-presenting cells (APC) (macrophages, dendritic cells, B cells) ef fi ciently take up and 
transport a variety of microorganisms and present antigen therefore, isolated lymphoid follicles are 
proposed to be local sites for lymphocytic, antigen, and antigen-presenting cell interactions. In addi-
tion to macrophages, dendritic cells also capture antigens present in the intestinal lumen by sending 
dendrites through tight junctions between epithelial cells while maintaining barrier integrity and then 
rapidly migrating to other areas, such as mesenteric lymphonodes. Recognition of antigens by den-
dritic cells triggers a family pattern of recognition receptor (TLRs) which change cell phenotype and 
function. In intestinal epithelial cells, TLRs play a role in normal mucosal homeostasis and are par-
ticularly important in the interaction between the mucosa and the luminal  fl ora. TLRs direct immune 
responses by activating signaling events leading to elevated expression of factors, such as cytokines 
and chemokines that recruit and regulate the immune and in fl ammatory cells, which then either initi-
ate or enhance host immune responses  [  26  ] .  
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   The Enteric Nervous System and Gastrointestinal Motility 

 Brain–intestinal interactions are well-known mechanisms for the regulation of intestinal function in 
both healthy and diseased states. A role of the enteric microbes in these interactions has only been 
recognized in the past few years. The brain can in fl uence commensal organisms via changes in gas-
trointestinal motility, secretion, and intestinal permeability, or directly, via signaling molecules 
released into the gut lumen from cells in the lamina propria (enterochromaf fi n cells, neurons, immune 
cells)  [  27  ] . Enteric microbiota communication occurs via epithelial-cell, receptor-mediated signaling 
and, when intestinal permeability is increased, through direct stimulation of host cells in the lamina 
propria. Integral to these communications are enterochromaf fi n cells, which serve as bidirectional 
transducers that regulate communication between the intestinal lumen and the nervous system  [  28  ] . 
Disruption of the bidirectional interactions between the enteric microbiota and the nervous system 
may be involved in the pathophysiology of acute and chronic gastrointestinal disease states, including 
functional and in fl ammatory bowel disorders  [  29  ] . 

 Normal intestinal motility requires the coordination between the extrinsic neurons, enteric motor 
neurons, interstitial cells of Cajal (ICC), and smooth muscle cells. The enteric nervous system (ENS) 
is a complex integrative brain (also called the second brain) which is capable of controlling the gas-
trointestinal function. The ENS in fl uences the gut directly with the activity related to the contraction 
and indirectly in fl uencing the cells of the gut immune system and the epithelial cells. This interaction 
is bidirectional and relies on the mechanisms of neuroimmune interaction, which involves bacterial 
component activation of Toll-like and other bacterial molecular pattern receptors to trigger innate 
immune responses and the intestinal neural pathways  [  30  ] .   

   The Perinatal and Neonatal Challenge 

 Perinatal and neonatal health and growth represents areas of high importance for this new knowledge 
and an intense area of research because the human microbiome is signi fi cantly in fl uenced during 
pregnancy, birth, and the neonatal period  [  31,   32  ] . The newborn infant leaves a germ-free intrauterine 
environment to enter a contaminated extrauterine world and must have adequate intestinal defenses to 
prevent the expression of clinical gastrointestinal disease states  [  33  ] . The adequate establishment of 
the intestinal  fl ora after birth plays a crucial role in the development of gut barrier function, the innate 
and adaptative immune system, and GI motility  [  34  ] . 

 When the fetus is born via the vaginal canal, the bacterial exposure is representative of the microbes 
present in the mother’s vagina. When the fetus is born via cesarean section, the intestinal microbiome 
lack any bacteria representative of the vaginal canal and the bacterial exposure is representative of 
the mother’s skin  [  35  ] . The result of this difference is that infants born vaginally acquire bacterial 
species including Lactobacillus, Prevotella, and Sneathia, and infants born by cesarean section obtain 
Staphylococcus, Corynebacterium, and Propionibacterium. The differences in these exposures are 
signi fi cant. Not only are the functionalities of the bacterial species speci fi c to the vagina and skin 
unique, but also of great importance, as the direct transmission of vaginal microbiota during birth 
represents an important defense mechanism. 

 Full-term newborns have a fully developed intestinal mucosal immune system, but the actual pro-
tective function of the gut requires the microbial stimulation of initial bacterial colonization. The gut 
interacts with intestinal bacteria, both resident and ingested, to develop protective mechanisms 
(via improving gut barrier function and immune stimulation for defense) and appropriate, nonexag-
gerated responses (via immune modulation and immune tolerance) to support host health. The mecha-
nisms of this interaction between host and bacteria are increasingly being unraveled and in great part 
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explain the clinical bene fi ts that have been reported with speci fi c probiotic bacteria by enhancing host 
defense mechanisms. For example, commensal bacteria can stimulate the synthesis and secretion of 
polymeric IgA as reported earlier and help to produce a balanced T helper cell response and prevent 
an imbalance contributing in part to clinical disease (Th2 imbalance contributes to atopic disease  [  36  ]  
and Th1 imbalance contributes to in fl ammatory chronic diseases  [  37  ] ). Furthermore, a series of pat-
tern recognition receptors, toll-like receptors on gut lymphoid and epithelial cells that interact with 
bacterial molecular patterns (e.g., endotoxin, lipopolysaccharide,  fl agellin, etc.), help modulate intes-
tinal innate and adaptive immune response. 

 Premature infants have an abnormal colonization, tend to colonize with fewer bacteria, are rou-
tinely administered antibiotics, are often born via caesarian section, and are exposed to highly patho-
genic institutional organisms  [  38,   39  ] . Premature infants frequently have intestinal motor and 
immunological immaturity that contributes to feeding intolerance. Thus, examining the intestinal 
bacteria present in premature infants may be an important determinant in the pathogenesis of disease, 
speci fi cally in fl ammatory gastrointestinal disease such as necrotizing enterocolitis (NEC)  [  40  ] . Using 
advanced technologies and stool samples, studies have shown that infants who develop NEC have 
signi fi cantly less bacterial diversity in their intestinal microbiome  [  41  ] . The limited diversity identi fi ed 
in these infants is an important  fi nding; it adds evidence to the evolving notion that NEC, like many 
diseases, is not caused by a single bacterial organism but the presence of certain pathogenic bacteria 
and the lack of protective bacteria  [  42  ] . 

 A close association exists between epitheliahomeostasis and the absorptive function of the intes-
tine. In addition, luminal nutrients are absolutely essential for intestinal development during the post-
natal period. The transport of solute is not constant. Alterations in cell proliferation, the migration of 
enterocytes, a change in mucosal surface area, membrane  fl uidity, or paracellular permeability can 
alter the function of the intestine. A functionally insuf fi cient intestine is unable to hydrolyze and 
absorb milk. This inef fi ciency alters other intestinal functions such as motor activity  [  43  ]  and hor-
mone secretions  [  44  ] . Therefore, the digestion and absorptive capacity are enhanced during develop-
ment to support both intestinal and full body growth. The close relationship of the resident intestinal 
microbes to neural, immunological, and muscular processes such as intestinal motility and neurode-
velopment is also being suggested. 

 There is little data available about the development of the motility function and of the mucosal 
barrier of the human gut, and in particular about the motility patterns and mucosal changes in new-
borns during early days of life (Table  22.1 ). Suck and swallow coordination is often poor before 34 

      Table 22.1    Digestion, absorption, and motility in relation to preterm conditions   

 Very preterm newborns   Preterm newborns   Full-term newborns 

 Gestational 
week  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42 

 Digestion  Progressive detecting of sucrose, lactase, 
and GI hormones and peptides  

      

Sucrase 70% of adult 

      

Lactase peak 

 Absorption  Glucose transporter presence 
     

 Gastric lipase increase 
     

 Motility  Swallowing present 
     
 Disorganized motility 
     

 Fetal mot  MMC  Mature motility 

 % survival  17  39  50  80  90  90  90  90  90  95  as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 

 as 
full 
term 
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weeks’ gestation. Intestinal motility is fundamental for proper absorption, digestion, and movement 
of nutrients down in the GI tract. The fetal pattern of intestinal motility presents four speci fi c stages 
according to gestational age: disorganized motility from 25 to 30 weeks, the fetal complex from 30 to 
33 weeks, propagation of migrating motor complex (MMC) from 33 to 36 weeks, and mature interdi-
gestive motility from 36 weeks to term  [  45  ] . Amplitude of motor activity, time of quiescent, antro-
duodenal coordination, number of cluster, and propulsive activity all increase with gestational age. 
A term infant exhibits the necessary GI structural and functional characteristics for the assimilation of 
the nutrient in colostrum and breast milk. Term infants are able to consume nutrients in adequate 
quantities to promote a rapid growth after birth. The majority of late preterm newborns are able to 
tolerate human milk and formula without dif fi culty despite underdeveloped swallowing re fl ex, 
reduced lactase enzyme activity, and immature motility pattern for digestion. However, feeding intol-
erance is a recurrent problem in the clinical care of preterm infants and occurs mainly in the  fi rst week 
of life, suggesting the presence of a maturation pattern of gastrointestinal tract  [  46  ] . It is known that 
functional maturation of the gastrointestinal tract is quite different over time with respect to its ana-
tomical development  [  47,   48  ] . Intestinal dysmotility is typically present up to 34 weeks’ gestation but 
may persist in some late preterm infants. Some infants may require a longer-than-normal interval 
between feedings because of a delay in motility and gastric emptying. Besides, intestinal musculature 
is affected by the introduction of early enteral feeding. There are reports that motor responses  resemble 
more mature interdigestive and postprandial patterns in preterm infants fed partial enteral vs. paren-
teral  nutrition  [  49  ] . Nutrients are required in order to improve motor activity to obtain a more rapid 
transition to fully enteral feeding since nutrients interact with gut  fl ora and epithelium in a complex 
manner behind the energy needs. The modulation of gastrointestinal motility, along with the microbi-
ota–immune system modulation could be considered important factors in formulating the best possi-
ble nutrition for premature newborns as will be described in the next section.   

   Enriched Formulas: The Probiotic and Prebiotic Paradigm 

 Breast feeding constitutes the ideal food for newborns because it provides molecules with antimicro-
bial activity  [  50  ]  as well some strains of probiotic bacteria  [  51  ]  which in fl uence intestinal microbiota 
 [  52  ] . Breast milk contains prebiotic oligosaccharides, like inulin-type fructans, which are not digested 
in the small intestine but enter the colon as intact large carbohydrates that are then fermented by the 
resident bacteria to produce short chain fatty acids (SCFA). The nature of this fermentation and the 
consequent pH of the intestinal contents dictate proliferation of speci fi c resident bacteria. For exam-
ple, breast milk-fed infants with prebiotics present in breast milk produce an increased proliferation 
of bi fi dobacteria and lactobacilli (probiotics), whereas formula-fed infants produce more enterococci 
and enterobacteria. Animal and clinical studies have shown that inulin-type fructans will stimulate an 
increase in commensal bacteria and these bacteria have been shown to modulate the development and 
persistence of appropriate mucosal immune responses  [  53  ] . Moreover, the breast milk induces opti-
mal gastrointestinal motility pattern inducing relaxation of the proximal stomach, lower esophageal 
sphincter, and reducing gastric emptying  [  54,   55  ] . 

 Taking breast feeding as the natural example of infant nutrition, the prebiotic/probiotic approach 
should be considered as a physiological approach to in fl uence intestinal microbiota early in the life as 
reported in the previous paragraphs. Probiotics have been used for many years in the animal fed indus-
try, but they are now increasingly made available in many forms and can be purchased over the coun-
ter as freed-dried preparations in health food stores. Thus, possible health bene fi ts associated with the 
administration of probiotic organisms are widely gaining acceptance. For example, there are several 
reports of disease prevention or enhancement of immune function resulting in the prevention of aller-
gic diseases and reinforcement of the gut defense  [  56  ]  and treatment of chronic in fl ammatory diseases 
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in children  [  57  ] . Furthermore, these organisms are thought to prevent the attachment of pathogens to 
enterocytes and invasion of these cells  [  58  ] . Bacterial translocation from the gastrointestinal tract is an 
important pathway initiating late-onset sepsis and NEC in very low-birth-weight infants. The emerg-
ing intestinal microbiota, nascent intestinal epithelia, naive immunity, and suboptimal nutrition (lack 
of breast milk) have roles in facilitating bacterial translocation. Feeding lactoferrin, probiotics, or 
prebiotics has presented exciting possibilities to prevent bacterial translocation in preterm infants, and 
clinical trials will identify the most safe and ef fi cacious prevention and treatment strategies  [  59  ] . 
Furthermore, probiotic bacteria have been shown to enhance the human intestinal epithelial barrier 
function  [  60  ]  so explain another way to prevent the translocation of potentially harmful organisms. 
Last, some strains of probiotic bacteria induce the production of the antimicrobial peptide human 
beta-defensin by the epithelium and immune cells, peptides that have been recognized to play a key 
role in the host defense against infection. This data indicates both a direct and indirect mechanisms of 
controlling potentially harmful bacteria by probiotics  [  61  ] . 

 Prebiotics can simulate the bi fi dogenic effects of breast milk oligosaccharides and have been 
shown to exert long-term effects (up to 2 years) for protecting against infection, lowering the inci-
dence of allergy, and also exerting positive consequences for the postnatal development of the immune 
system  [  62  ] . For example, primary prevention trials in infants have provided promising data on pre-
vention of infections and atopic dermatitis  [  63  ] . Prebiotic seems to play via the activation of a human 
antimicrobal protein, the cathelicidin by means of butyrate  [  64  ] . Butyrate is a by-product of bacterial 
 fi ber fermentation that is produced by endogenous intestinal  fl ora, and it is the major trophic factor for 
colonocytes. A recent compelling study showed that oral butyrate treatment of Shigella-infected 
dysenteric rabbits led to improvement of clinical symptoms, decreased blood in the stool, and a reduc-
tion in the bacterial load in the stool  [  65  ] . These data not only support the notion that cathelicidin is 
an essential effector molecule but also suggest that certain intestinal infections may be treatable 
through stimulation of epithelium-derived antibiotics. Additional well-designed prospective clinical 
trials and mechanistic studies are needed to advance knowledge further in this promising  fi eld. 

 The addition of prebiotic and probiotic to a formula induces a GI motility pattern similar to that 
one induced by breast milk. Oral probiotic supplementation in preterm newborns improves feeding 
tolerance, reduces the crying time, and increases stool frequency. Concerning physiological parame-
ters, the newborns fed with formula added with probiotics show a faster gastric emptying rate and 
smaller fasting antral area. Safety and tolerance of a probiotic formula with Lactobacillus reuteri was 
recently described in full-term infants  [  66  ] . The action of probiotic on upper gastrointestinal motility 
could be explained in several ways. Volume and chemical characteristics of meals in the gut have been 
supposed to induce vagal signal affecting gastric emptying  [  67  ] . The  fi ber content was associated with 
a signi fi cant increase in gastric antrum motility respect to other diets  [  68  ] . Bacteria metabolites such 
as SCFA may stimulate smooth muscle  [  69  ] . In the colon they inhibit peristaltic activity and may 
stimulate tonic activity. Last, SCFA modify upper motility, inducing relaxation of the proximal stom-
ach, lower esophageal sphincter, and reducing gastric emptying via the involving of GI hormones as 
polypeptide YY  [  70,   71  ] . Crosstalk between the digestive nervous and motor activities, immune-
related mechanisms, and probiotics has become the main physiologic mechanism involved. No data 
are available concerning the role of the SCFA in preterm newborns, but the mechanism of probiotics 
on the gastric emptying may be the same as in adults. 

 There are a lot of study concerning gastric motility and emptying in preterm and term newborns 
in relation to gastrointestinal function as feeding tolerance and regurgitation. As regard gastric emp-
tying time, a smaller fasting antral area was found in preterm fed with formula added with  L reuteri  
compared to that one fed with formula with placebo and newborns fed with breast milk. Furthermore, 
the gastric emptying rate was signi fi cantly faster in formula added with probiotics group respect 
to breast milk and formula plus placebo (Fig.  22.2 ). All these fi ndings could be markers of a reduced 
gastric residual in newborns fed with probiotics respect to  formula-fed newborns. The clinical coun-
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terpart of this physiological condition may be the reduced numbers of  regurgitation. Actually a 
recent work on infants with cow’s milk allergy reports a close link between vomiting, gastro-esoph-
ageal re fl ux, and gastric emptying time  [  72  ] .  

 The action of prebiotic on upper gastrointestinal motility might be explained by several physiolog-
ical pathways. The most important mechanism seems to be the same as the probiotic pathway and was 
described above as interaction between colonic SCFAs and the polypeptide YY (Fig.  22.2 ). A faster 
gastric emptying in preterm infants can lead to luminal nutrients remaining in the intestine shorter and 
prevent the in fl ammation cascade and reduce the development of NEC  [  73  ] . It has been suggested a 
role of pre- and probiotic in such infectious disease. Postinfectious enteric muscle dysfunction, the 
state of persistent dysfunction of the neuromuscular tissues maintained by the production of media-
tors such as TGF beta and prostaglandin E2 by intestinal muscle layers themselves  [  74  ]  seems to be 
involved. The ICC network, the pacemaker of GI electrical activity, also could be damaged by 
in fl ammation and such alteration may explain motor abnormality as supported by Wang et al.  [  75  ] . 
Probiotics can restore muscle function after GI infection modulate the mechanisms affecting multiple 
proteins and other components of excitation–contraction coupling  [  76  ] .  

   Conclusion 

 The intestine serves as a vast interface between our internal and external environments. Evidence is 
rapidly accumulating that the microbes residing within the intestinal tract play major roles in the 
development of the immune system and interact with the intestinal as well as central nervous systems. 
The implications of these interactions in health and disease are becoming increasingly evident and in 
some cases manipulations of the microbial ecosystems suggest signi fi cant bene fi t. Most of the studies 
to date using probiotics and prebiotics to manipulate the intestinal microbiota and to prevent or treat 
disease have been empiric and much more needs to be learned about the indigenous  fl ora and their 
interactions with the developing intestinal tract before we can be comfortable in routinely manipulat-
ing the intestinal microbial ecosystem.      

  Fig. 22.2    The half emptying times recorded after 30 days treatment is reported. A clear difference in the half emptying 
time was evident between the study groups and placebo formula group. Data are expressed as Mean ± SD. Data analysis: 
ANOVA on ranks  p  = 0.005; post hoc test Dunn’s test vs. control: prebiotic, probiotic formula and breast-milk vs. pla-
cebo formula  p  < 0.05.  GE  gastric emptying       
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 Key Points for Parenteral Lipid Emulsions (LE) 

    Signi fi cant research has been performed in understanding the composition, dose, and clinical • 
effects of parenteral lipid in neonatal patients, since the  fi rst LEs were introduced in the 1960s.  
  Newer LE may have short-term clinical bene fi ts in reducing lipid peroxidation and in fl ammation, • 
and FO-based LEs have shown bene fi ts in the treatment of parenteral nutrition-induced neonatal 
cholestasis.  
  Considering that there is lack of data in terms of de fi nitive head to head trials of different novel • 
LEs evaluating short- as well as long-term clinically important outcomes including neurodevelop-
ment, further research in this area is urgently needed.  
  At this stage it is unclear if there are any long-term bene fi ts of introducing costly newer LEs in • 
preterm neonates as compared to standard SO-based LEs.    

 Key Points for Enteral Lipid Composition in Diet of Preterm Neonates 

    The current research in the diet of preterm neonates is based to de fi ne and provide optimum • 
LC-PUFA intake, primarily that of DHA and AA.  
  Although small individual studies showed bene fi ts in short-term growth, vision, and developmen-• 
tal outcomes, data from Cochrane and IPD meta-analysis suggest otherwise.  
  In the absence of clear evidence, an LC-PUFA recommendation in preterm neonates is still a • 
 controversial area and is constantly evolving.  
  Adequately powered large RCTs combining parenteral and enteral interventions are required to • 
evaluate the long-term bene fi ts of LC-PUFA supplementation in preterm neonates.    

    Keywords   Premature infants  •  Lipid composition  •  PUFAs  •  Human milk  •  DHA  
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  Abbreviations  

  LEs    Lipid emulsions   
  OO    Olive oil   
  FO    Fish oil   
  SO    Soybean oil   
  EFA    Essential fatty acids   
  PUFA    Polyunsaturated fatty acids   
  LA    Linoleic acid   
  ALA    Alpha linolenic acid   
  LC-PUFAs    Long chain polyunsaturated fatty acids   
  MCT    Medium chain triglycerides   
  DHA    Docosahexaenoic acid   
  AA    Arachidonic acid   
  EPA    Eicosapentaenoic acid         

   Introduction 

 Preterm neonates particularly extremely low birth weight (ELBW: <1,000 g birth weight) group is the 
major cause of perinatal mortality and morbidity  [  1  ] . Major innovations in neonatology during the 
past three decades have improved the survival of high-risk neonates signi fi cantly. Feeding intolerance 
is a common issue in preterm neonates, and in those with conditions such as necrotizing enterocoli-
tis (NEC), gastroschisis, and short bowel syndrome. Long-term support with parenteral nutrition 
(PN) is crucial for this population of neonates to provide optimal nutrition at a critical stage of 
 development  [  2  ] . 

 In the last two decades, there has been considerable interest in the role of lipids in infant develop-
ment. Fatty acids play central roles in growth and development through their roles in membrane lipids, 
as ligands for receptors and transcription factors that regulate gene expression, precursor for eico-
sanoids, in cellular communication, and through direct interactions with proteins  [  3  ] . The preterm 
neonate is born during critical period of brain growth. Processes such as cellular migration, myelina-
tion, and cellular differentiation may all be susceptible to nutritional deprivation during this period. 
Intravenous lipid emulsions (LEs) may be the only source of essential fatty acids (EFAs), linoleic acid 
(LA), and alpha linolenic acid (ALA) for parenterally fed preterm neonates. LEs have been in use for 
almost 50 years  [  4  ] . LEs provide a concentrated source of energy. For preterm and term neonates, LEs 
at a dose of 2–3 g/kg/day could satisfy 20–30% of daily caloric requirement. Some LEs also contain 
long chain polyunsaturated fatty acids (LC-PUFAs), whose endogenous synthesis may be limited in 
the neonatal period  [  5,   6  ] . Lipid emulsions also in fl uence immune cell functions at various levels 
including cell membrane properties, phagocytosis, and production of bioactive substances such as 
cytokines  [  7  ] . 

 In recent years, there have been many advances in the area of parenteral lipid emulsions used in 
total parenteral nutrition for preterm infants. While long-term data are lacking, some short-term 
bene fi ts have been noted. This chapter aims to focus on the lipid composition of the diet of the preterm 
neonates (both enteral and parenteral) and its potential effect on growth and neurodevelopment of 
these vulnerable infants.  
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   Composition of Lipid Emulsions Commonly Used in Preterm Neonates 

 The earliest LEs for neonates were soybean oil (SO) based and were developed in the early 1960s. For 
the purpose of this chapter SO-based LEs will be referred as “standard LEs,” as they are still used 
widely. SO-based LEs contain predominantly n-6 fatty acids (52–55%). Excess n-6 fatty acids and 
their metabolites result in pro-in fl ammatory eicosanoid production and have the potential to increase 
lipid peroxidation  [  8,   9  ] . Preterm neonates are more vulnerable to oxidative injury due to limited anti-
oxidative capacity and exposure to other risk factors during their stay in the intensive care  [  9,   10  ] . 

 Subsequent development of LEs was focused on reducing the amount of SO (n-6 fatty acids) and 
replacing SO with other oils including coconut oil (rich in medium chain triglyceride-MCT), olive oil 
(OO-rich in n-9 fatty acid), and  fi sh oil (FO-rich in n-3 fatty acids) (Table  23.1 ). Several  fi sh oil (FO) 
based LEs are available including those containing exclusively FO (Omegaven), combination of FO, 
OO, MCT, and SO oils (SMOFlipid), and combination of FO, MCT, and SO (Lipoplus).  

   Role of Olive Oil-Based LEs in Preterm Neonates on Short-Term Outcomes, 
Growth, and Development 

 Various health bene fi ts in Mediterranean diet rich in olive oil are well known in adult population  [  11  ] . 
OO-based LE (Clinoleic ®  Baxter Pharmaceuticals) contains OO (OO: SO ratio of 4:1) with a PUFA con-
tent only a third of that in the standard SO emulsion. OO-based LEs contain predominantly mono-unsatu-
rated fatty acids (MUFA) which are potentially more resistant to free radical attack and have additional 
anti-in fl ammatory properties which could be bene fi cial in preterm neonates, who are usually exposed to 
stressful environment in the neonatal intensive care  [  12  ] . OO-based LEs are also rich in vitamin E content 
which has anti-oxidant properties which could be of added bene fi t in attenuating potential oxidation injury 
in preterm neonates  [  13,   14  ] . SO-based LEs are rich in omega-6 fatty acids which are the precursors of 
proin fl ammatory prostaglandin E2 and leukotriene B4 and also in fl uence cytokine synthesis  [  15  ] . 

 It has been postulated that the use of OO lipid emulsion could be as ef fi cient as standard SO lipid 
emulsion in supplying EFA and LC-PUFAs including docosahexaenoic acid (DHA) and arachidonic 
acid (AA). This was  fi rst con fi rmed by an RCT comparing OO-based LEs to standard SO-based LEs 
in preterm neonates more than 28 weeks ( n  = 33, SO:15 and OO:18)  [  16  ] . However there was no 
signi fi cant difference in oxidative stress levels measured by urinary MDA levels. Deshpande et al. 
have reported an RCT comparing OO-based LEs with SO-based LEs in very preterm infants (Gestation: 
<28 weeks)  [  17  ] . Primary outcome of this trial was comparison of plasma and RBC fatty acids levels 
and oxidative stress levels (F 

2
 -isoprostanes) between the two groups. Forty-four of  fi fty participants 

(OO-23, SO-21) completed the trial. Both LEs were well tolerated without any adverse events. F 
2
 -

isoprostane levels were comparable in both groups. Oleic acid and LA levels were signi fi cantly higher 
in OO and SO groups, respectively. LC-PUFA levels were similar between groups despite the lower 
PUFA content of OO. OO group had signi fi cantly higher levels of RBC and plasma fatty acid C18:4n-3, 
suggesting possible  D 6-desaturase enzyme inhibition in SO group. 

 Roggero et al. conducted a three arm RCT in preterm neonates (Gestation: 28–33 weeks) random-
ized to receive either SO-based LEs, or OO-based LE (Clinoleic ® ), or SO/MCT-based LE  [  18  ] . The 
oxidative stress levels measured by the F 

2
 -isoprostanes and total radical-trapping antioxidant (TRAP) 

concentration were not signi fi cantly different in the three groups. 
 The safety of OO LEs in critically ill preterm and term neonates has been documented by 

these  RCTs  [  16–  18  ] . In theory, OO emulsions have the potential to reduce the oxidative stress while 
enhancing the anti-in fl ammatory effects (due to its high MUFA content). The short-term outcome 
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results from RCTs in preterm neonates did not show any signi fi cant difference in oxidative stress 
compared to standard SO emulsion. 

 Another RCT in preterm neonates (<32 weeks, <1,500 g) by Gawecka et al. compared in fl ammatory 
effects, including tumor necrosis factor-alpha (TNF- a ) and interleukins (IL-6, IL-10), between SO- 
and OO-based LEs  [  19  ] . Baseline cytokine levels were comparable in the two groups; however, pro-
in fl ammatory cytokine levels (IL-6) were signi fi cantly higher in the SO group. Other secondary 
outcomes including the incidence of bronchopulmonary dysplasia, necrotizing enterocolitis, and 
retinopathy of prematurity (ROP) were similar in both groups. 

 All studies report comparing OO-based LEs with standard SO-based LEs compared only short-term 
biochemical outcomes and early growth parameters. Data on long-term growth and developmental 
outcomes including vision is lacking in all studies.  

   Role of Fish Oil-Based LEs in Preterm Neonates on Short-Term Outcomes, 
Growth, and Development 

 Recently there has been considerable interest in FO-based LEs which are rich in omega-3 fatty acids 
known for anti-in fl ammatory properties  [  20  ] . Currently FO-based LEs are available in various prepara-
tions (Table  23.1 ). Standard SO-based LEs are rich in PUFAs especially LA with the potential to increase 
lipid peroxidation  [  8,   21  ] . Preterm neonates are more vulnerable to oxidative injury due to limited anti-
oxidative capacity and exposure to other risk factors during their stay in the intensive care  [  22,   23  ] . 
Newer FO-based LEs such as SMOFLipid ®  (Table  23.1  for composition) have potential to reduce lipid 
peroxidation due to the presence of MCTs, and an appropriate amount of antioxidant alpha-tocopherol 
and MUFAs  [  22  ] . FO-based LEs are a rich source of n-3 LC-PUFAs including DHA and eicospen-
taenoic acid (EPA) with associated anti-in fl ammatory properties  [  24  ] . The eicosanoids produced from 
n-3 LC-PUFAs are less in fl ammatory compared to those originating from n-6 LCPUFAs  [  25  ] . 

 Early experience in pediatric patients with intestinal failure associated liver disease suggests that 
FO-based LEs are useful in the prevention and treatment of cholestasis associated with PN  [  26  ] . This 
issue is not discussed further in this chapter as it will be covered in   Chapter 25    . 

 Tomsits et al. recently reported an RCT documenting safety of FO-based LEs in preterm neonates 
( n  = 60, age 3–7 days, gestation < ¹ 34 weeks, birth weight 1,000–2,500 g) comparing FO-based LE 
(SMOFLipid ® ) with standard SO-based LE  [  27  ] . There was no difference in adverse events, serum 
triglycerides, or local tolerance (when infused peripherally) con fi rming the safety of study treatment. 
Gamma-glutamyl transferase (GGT) was lower, and omega-3 fatty acids in red blood cell phospholip-
ids were higher in the study versus the control group. Plasma alpha-tocopherol was also raised in the 
study group, suggestive of possible anti-in fl ammatory effects of FO-based LEs. 

 In a study by Skouroliakou et al., 38 preterm neonates (Gestation <32 weeks, birth weight <1500 g) 
were randomized to receive SMOFLipid emulsion or pure SO-based LE (Intralipid) for at least 7 days 
 [  28  ] . Signi fi cant reduction in oxidative stress in the SMOFlipid group was documented by a signi fi cant 
rise in alpha-tocopherol and total anti-oxidant potential levels compared with standard LE. A recent 

   Table 23.1    Oil combinations used to formulate the currently available lipid emulsions (percentage of lipid)   

 Intralipid  Lipofundin  Lipoplus  SMOFLipid  Clinoleic  Omegaven 

 Soy oil  100  50  40  30  20  0 
 Olive oil  0  0  0  25  80  0 
 Medium chain triglycerides  0  50  50  30  0  0 
 Fish oil  0  0  10  15  0  100 

  Reproduced with permission from, Deshpande G, Simmer K. Lipids for parenteral nutrition in neonates. Curr Opin Clin 
Nutr Metab Care. 2011 Mar;14(2):145–50  

http://dx.doi.org/10.1007/978-1-62703-254-4_25
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observational study has shown that  fi sh-oil-based fat emulsion administered from the  fi rst day of life 
may be effective in the prophylaxis of severe ROP requiring laser therapy. Prospective data about 
severity and treatment of ROP from 40 preterm neonates (<1,250 g) who received FO-based LEs were 
compared with similar historical data from 44 preterm neonates who received SO- and OO-based 
LEs. There was a signi fi cantly lower risk of laser therapy for infants who received an emulsion of  fi sh 
oil. No signi fi cant differences were found in acuity and latency of visual evoked potentials between 
the infants in the two groups. 

 Although none of the neonatal studies have documented speci fi c immunological effects of FO-based 
LEs, several adult and animal studies have reported bene fi ts in terms of anti-in fl ammatory effects in 
critically ill/septic patients  [  30,   31  ] . 

 At this stage long-term growth and development data are lacking from the current trials with 
FO-based LEs; however, there are encouraging short-term bene fi ts including low oxidative stress 
levels and possible bene fi ts in reducing severity of ROP.  

   Intravenous Lipid Dose in Early Life 

 In order to prevent EFA de fi ciency, preterm neonates need at least 0.25 g/kg/day of intravenous (IV) 
LEs in the  fi rst week of life. Currently there is no clear consensus for initial lipid dose and increments 
in the  fi rst week of life. An RCT by Drenckpohl et al. compared high- vs. low-dose IV lipids in 110 
preterm neonates (birth weight 750–1,500 g)  [  31  ] . Neonates in the high-dose group received 2 g/kg/
day of IV LEs as a starting dose when compared with 0.5 g/kg/day in the control group IV LEs were 
increased by 0.5 g/kg/day up to 3 g/kg/day in both groups. The high-dose group had signi fi cantly 
higher energy intake without a signi fi cant difference in serum triglyceride (TG) levels (>200 mg/dL) 
compared to the control group. Considering the importance of postnatal malnutrition and growth 
retardation within  fi rst week of life  [  32  ] , starting lipid in the  fi rst few days of life at 2 g/kg/day appears 
safe, and, although it seems it could be bene fi cial, recent Cochrane review suggests otherwise  [  33  ] .  

   Summary and Future Research 

 Newer LEs may have short-term clinical bene fi ts in terms of reducing lipid peroxidation and 
in fl ammation. In addition to these bene fi ts, newer FO-based LEs have shown bene fi ts in the treatment 
of intestinal failure associated liver disease. However, at this stage it is unclear if there are any long-
term bene fi ts of introducing costly newer LEs in preterm neonates and other high risk populations 
such as neonates with surgical conditions. 

 Considering there is lack of data in terms of de fi nitive head to head trials of different novel LEs 
evaluating short- as well as long-term clinically important outcomes including neurodevelopment, 
further research in this area is urgently needed.   

   Lipid Composition for Preterm Enteral Nutrition 

 Modi fi cation of the lipid content of the diet in preterm infants in an attempt to improve growth, vision, 
and neurodevelopment has been tried for more than 20 years. The major thrust of the research has 
been to de fi ne and provide optimum LC-PUFA intake, primarily that of DHA and AA  [  3  ] . DHA is 
enriched in brain gray matter and retina phospholipids, and it represents 3–5% of the dry weight of 
these tissues  [  34  ] . Dietary de fi ciency of n-3 fatty acids decreases brain and retina DHA, impairs 
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neurogenesis, alters gene expression and neurotransmitter, including dopamine and serotonin metabolism, 
and decreases the kinetics of the visual photocycle  [  35  ] . Their accretion occurs primarily during the 
last trimester of pregnancy and the  fi rst year of life  [  36  ] . While a breastfed full-term neonate receives 
its full allowance of LC-PUFA,  fi rst through placenta and then via breast milk, a preterm neonate is at 
a disadvantage in not receiving optimum LC-PUFA at a time when the brain is growing rapidly. 
Formula fed infants have signi fi cantly lower DHA levels in their red blood cells and cerebral cortex 
compared with breast fed infants  [  37  ] . This is despite the presence of EFAs LA and ALA in the for-
mula which are the precursors of AA and DHA, respectively. This is attributed to the relative 
inef fi ciency of LC-PUFA synthesis from its precursors in neonates. Not surprisingly, the studies have 
focused on the preterm infant and formula fed term infant. For the purpose of this chapter, we focus 
on the studies in preterm infants, both breast and formula fed. 

   LC-PUFA Supplementation in Formula Fed Preterm Infants 
and Their Effect on Vision and Neurodevelopment 

 Evidence from biochemical studies in both term and preterm neonate indicates that formula fed infants 
have signi fi cantly less DHA and AA in their erythrocytes relative to those fed breast milk  [  38  ] . In a 
prospective observational study, term neonates fed breast milk have been found to have more mature 
visual acuities and higher DHA levels than those receiving formula. Further, their acuities were posi-
tively correlated with erythrocyte DHA levels  [  39  ] . 

 Multiple studies in the last two decades have looked at infant and toddler development after 
LC-PUFA supplementation in the formula for preterm neonates. The methods of assessment have 
included Fagan Test of Infant Intelligence and Bayley Scale of Infant and Toddler Development 
(BSID). In an RCT in preterm infants fed DHA until 9 months, novelty preference was not affected 
but the supplemented group demonstrated shorter look duration suggesting faster information pro-
cessing  [  40  ] . Thus, it was theorized that information processing, rather than memory or learning abil-
ity may be affected by DHA supplements. Woltil et al. investigated the effect of 2 different doses of 
LC-PUFA (0.43% DHA and 0.34% EPA) given from birth to 6 weeks of age on the development of 
low birth weight infants and found improved BSID scores at 19 months of age in the group fed with 
higher PUFA dose  [  41  ] . In an RCT by Fewtrell et al. in preterm neonates with birth weights <1,750 g, 
study group received preterm formula supplemented with vegetable oils and milk fat with derivatives 
of LA and ALA sourced from evening primrose oil and egg lipids. Control group received unsupple-
mented preterm formula. Breast milk fed preterm infants served as a reference group. Main outcome 
measures were Bailey MDI and PDI at 18 months and Knobloch, Passamanick, and Sherrard’s 
Developmental Screening Inventory at 9 months corrected age  [  42  ] . No statistically signi fi cant differ-
ences were noted. The same group conducted another trial utilizing tuna oil (as DHA source) and 
borage oil (as a source for ALA, which is a precursor of AA) in the supplemented group. Primary 
ef fi cacy outcome was neurodevelopment at 18 months corrected age as assessed by Bayley PDI and 
MDI scores. No signi fi cant difference was found  [  43  ] . Clandinin et al. used two different sources of 
DHA (algal oil,  fi sh oil) but same source of AA (fungal oil) in their trial. Control group was not sup-
plemented and breast fed term infants served as a reference group. Supplemented groups had higher 
Bayley MDI and PDI scores at 118 weeks post-menstrual age as compared to the control group  [  44  ] . 

 Recently a Cochrane review was conducted by Schulzke et al., and they found 17 eligible RCTs in 
preterm neonates <37 weeks receiving LC-PUFA supplemented formula  [  45  ] . However, the included 
trials varied in their assessment schedule and methodology, dose and source of LC-PUFA used and 
the fatty acid composition of the control formula. The clinical outcomes assessed in the studies of 
LC-PUFA supplementation have included growth, visual function, and neurodevelopment. Three out 
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of seven studies reported some bene fi t of LCPUFA on neurodevelopment in different populations at 
different postnatal ages. Meta-analysis of Bayley Scales of Infant Development of four studies at 
12 months ( N  = 364) and three studies at 18 months ( N  = 494) post-term showed no signi fi cant effect 
of supplementation on neurodevelopment. One of the limitations of this meta-analysis was the broad 
selection criteria (preterm neonates <37 weeks). The trials included in the meta-analysis had enrolled 
preterm infants that were relatively mature and healthy. As infants with the lowest birth weight are at 
the highest risk for severe DHA de fi ciency, any treatment effect is likely to be masked if the study 
population comprises relatively mature infants. Also, the trials have varied in assessment schedule 
and methodology, dose and source of fatty acid supplementation, and composition of the control for-
mula. Hence reliability of the conclusions of meta-analyses of LC-PUFA supplementation is 
debatable. 

 In order to speci fi cally look for effect of LC-PUFA supplementation in preterm VLBW neonates, 
an individual patient data (IPD) meta-analysis was conducted by Beyerlein et al.  [  46  ] . An IPD meta-
analysis was performed on 870 infants from four trials; subgroup analyses by preterm delivery and 
very low birth weight (<1,500 g) were also conducted ( n  = 371). There were no signi fi cant differences 
in Bayley MDI and PDI scores between LCPUFA-supplemented and control groups for all children 
or in subgroups (preterm VLBW neonates). This was con fi rmed with adjustment for the possible 
confounders: sex, gestational age, birth weight, maternal age, and maternal smoking.  

   Effects of LC-PUFA Supplementation on Growth 
of Preterm Neonates 

 There are various possible mechanisms whereby dietary PUFA and LC-PUFA can affect growth. 
These involve prostaglandins, growth hormone, and biosynthesis of membrane components  [  47  ] . AA 
is a major constituent of membrane lipids and an eicosanoid precursor. Variations in AA and eico-
sanoid levels may have effect on muscle protein turnover. LC-PUFA may also have a role in gene 
expression for adipocyte development. Assessment of growth has been a safety as well as an ef fi cacy 
measure in the trials of LC-PUFA supplementation in preterm infants. Initial concerns were raised 
about the negative impact of a marine oil supplemented formula on the growth of infants  [  48  ] . The oil 
contained DHA and EPA but no AA. A subsequent publication from these authors noted declining 
levels of AA in growing preterm infants on commercial formula and the decline to be more pro-
nounced in the marine oil supplemented group  [  40  ] . This led them to conclude that a conditional 
de fi ciency of AA may have contributed to poor growth in preterm infants. Most of the subsequent 
trials have used a combination of DHA and AA in the supplemented group and the negative effect on 
growth has not largely been seen. Recent Cochrane review included  fi ve studies with LC-PUFA sup-
plementation in preterm neonates  [  45  ] . Four out of  fi ve studies reported bene fi ts of LCPUFA on the 
growth of supplemented infants at different postnatal ages. Two trials suggested that LCPUFA supple-
mented infants grow less well than controls. One trial reported mild reductions in length and weight 
z scores at 18 months. Meta-analysis of  fi ve studies showed increased weight and length at 2 months 
post-term in supplemented infants. However, when they compared growth outcomes at 12 months 
( N  = 271, four studies) and 18 months ( N  = 396, two studies) post-term, it showed no signi fi cant effect 
of supplementation on weight, length, or head circumference. Authors concluded that on pooling of 
results, no clear long-term bene fi ts or harms were demonstrated for preterm infants receiving 
LCPUFA-supplemented formula. IPD meta-analysis of 4 RCTs of LC-PUFA supplementation on 
infant growth ( n  = 901) showed no evidence that LC-PUFA supplementation affects children’s growth 
at 18 months of age after adjustment for possible confounders including sex, gestational age, birth 
weight, smoking in the last trimester, and maternal age  [  49  ] .  
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   LC-PUFA Supplementation in Breast Milk Fed Preterm Infants 

 The majority of studies for supplementing LC-PUFA for preterm infants have focused on formula fed 
preterm infants as human milk has preformed LC-PUFA. However, two recent studies have looked at 
increasing LC-PUFA intake of human milk fed preterm infants also. The rationale includes variable 
content of DHA in human milk and reduced bioavailability of DHA from enteral route as opposed to 
placental bioavailability. Henriksen et al. forti fi ed human milk with DHA and AA in a randomized 
study in VLBW infants  [  50  ] . At the 6-month follow-up evaluation, the study group performed better 
than the control group in the problem-solving subscore of the Ages and Stages Questionnaire. In 
another multi-center RCT preterm infants (<33 weeks) were randomized to high versus standard DHA 
group (1 vs. 0.35% of fatty acids)  [  51  ] . Lactating mothers took capsules containing 3 g of either 
DHA-rich tuna oil (900 mg of DHA) or soy oil (no DHA). If supplemental formula was required, 
infants in the intervention group were given a high DHA preterm formula (~1% DHA and 0.6% AA). 
Of the 657 infants included in the trial, 93.5% were assessed at 18 months corrected age by BSID. No 
overall differences in Bayley MDI and PDI scores were observed between groups, but there was a 
trend toward improved MDI scores in the infants with birth weight <1,250 g in the high DHA group.  

   Safety Considerations for Enteral LC-PUFA Supplementation 

 As discussed in the previous section, reduced weight and linear growth were noted in an earlier study 
of LCP supplementation  [  48  ] . However, with the exception of one study, no adverse impact on growth 
has been seen when both DHA and AA have been supplemented  [  42  ] . No speci fi c adverse events 
were noted in the intervention and control groups in a recent systematic review  [  45  ] . Similarly, no 
increase in NEC, IVH, ROP, or sepsis was noted when investigating the effects of a higher dose of 
DHA  [  51  ] . Overall, it appears that DHA and AA supplements as used in the current studies in preterm 
infants are safe.  

   LC-PUFA Recommendations in Preterm Formulas 

 In the absence of a clear evidence, an LC-PUFA recommendation in preterm neonates is still a con-
troversial area and is constantly evolving. The reference standard is the content of these fatty acids 
in the breast milk. While the content of AA in breast milk is fairly constant at about 0.45% of total 
fatty acids, the content of DHA is variable (0.1–3.8%) based on the maternal diet  [  52  ] . The dose of 
DHA used in various trials included in Cochrane review has ranged from 0.05 to 0.76% of fatty acids 
 [  45  ] . 

 In a recent elegant review, the authors estimated that fetal DHA accretion rate during the last tri-
mester of pregnancy is close to 45 mg/kg/day  [  53  ] . They also mention that enterally fed premature 
infants exhibit daily DHA de fi cit of 20 mg/kg/day, representing 44% of the DHA that should have 
been accumulated. Therefore, the DHA content of human milk and current preterm formulas cannot 
compensate for an early DHA de fi cit which may occur during the  fi rst month of life and is also unable 
to ful fi ll the DHA requirement of growing preterm infants. Based on the results of the two dose–
response studies, they recommend increasing the DHA content of human milk to a value of 1.1% total 
fatty acids, since this should ful fi ll the DHA requirement and appears to be safe  [  50,   51  ] .  
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   Summary and Future Research 

 It appears that DHA and AA supplements as used in the current studies in preterm infants are safe; 
however, the present data are insuf fi cient to recommend a speci fi c amount of LC-PUFAs in preterm 
neonates. Further research is also needed to determine the amount of arachidonic acid which should 
be consequently given to enterally and parenterally fed preterm infants to avoid a conditional 
de fi ciency of AA. Adequately powered large RCTs are required to evaluate long-term bene fi ts of 
LC-PUFA supplementation in preterm neonates. This may include combining two interventions, 
LC-PUFA-rich intravenous LEs and LC-PUFA supplementation in breast milk and formula in preterm 
neonates.       
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    Key Points 

    Studies have shown that atherogenesis early in life is associated with the traditional risk factors for • 
CAD     
  Many lifestyle changes are dif fi cult to achieve in adulthood and even harder to maintain over the • 
long term, it seems reasonable to attempt to alter these risk factors early in life  
  Lifestyle modi fi cation is the mainstay of treatment, sometimes it is not suf fi cient to achieve the • 
desired cholesterol levels and drug therapy may be warranted  
  With the increasing use of drugs in the treatment of children with hypercholesterolemia, it must be • 
emphasized that dietary and drug treatments are synergistic and dietary and lifestyle modi fi cations 
must not be abandoned after the initiation of drug therapy     

  Keywords   Hypercholestrolemia in children  •  Exercise  •  Coronary artery disease  •  Omega-3 fatty 
acids  •  Caloric intake  

   Introduction 

 Coronary artery disease (CAD) continues to be the single leading cause of mortality in Europe and 
United States and a major cause of morbidity  [  1  ] . The Framingham cohort and subsequent studies 
have identi fi ed male gender, blood cholesterol, blood pressure, diabetes, and smoking status as the 
major risk factors for CAD  [  2  ] . All CVD risk factors, including abnormal lipid levels, often emerge 
during childhood and adolescence  [  3  ] . The prevalence of lipid abnormalities in children is increas-
ing, primarily in association with the concomitant epidemic of obesity and the metabolic syndrome. 
The National Health and Nutrition Examination Survey (NHANES) for 1999–2006 found that the 
prevalence of abnormal lipid levels de fi ned as low-density lipoprotein cholesterol (LDL-C)  ³ 130 mg/
dL, low high-density lipoprotein cholesterol (HDL-C) £  35 mg/dL, and high triglyceride levels 
 ³ 150 mg/dL, among youths aged 12–19 years was 20.3%. This prevalence varied by body mass 
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index (BMI); 14.2% of normal weight but 22.3% of overweight and 42.9% of obese had at least one 
abnormal lipid level  [  4  ] . Furthermore, elevated non-HDL-C concentrations during childhood and 
adolescence also have been shown to predict high non-HDL-C concentration during adulthood; for 
example, a non-HDL-C concentration above the 95th percentile during childhood was found to be 
86–96% sensitive and 96–98% speci fi c in predicting an elevated LDL-cholesterol concentration 
during adulthood  [  5  ] . 

 The presence of multiple cardiovascular risk factors is associated with early acceleration of athero-
sclerosis  [  6  ] . Early atherosclerotic lesions in children, adolescents, and young adults who died in 
accidents, have been shown to be signi fi cantly related to higher antecedent levels of total cholesterol 
(TC) and LDL-C, lower levels of HDL-C, and other cardiovascular disease (CVD) risk factors, such 
as obesity, higher blood pressure levels, and cigarette smoking  [  6–  8  ] . Four major prospective epide-
miological studies from Muscatine  [  9  ] , Bogalusa  [  10  ] , the Coronary Artery Risk Development in 
Young Adults (CARDIA)  [  11  ] , and the Pathobiological Determinants of Atherosclerosis in Youths 
(PDAY)  [  12  ]  showed that CVD risk factors in children and adolescents, particularly LDL-C and obe-
sity, predicted clinical manifestations of atherosclerosis in young adults, as judged by carotid intima 
medial thickness (IMT), coronary artery calcium, or brachial  fl ow-mediated dilatation. 

 Based on the NCEP report of the Expert Panel on Blood Cholesterol Levels in Children and 
Adolescents, the American Academy of Pediatrics (AAP) recommend selective screening for children 
and adolescents in the following high-risk group: (1) children with undiagnosed monogenic dyslipi-
demia such as familial hypercholesterolemia (FH) (family history of premature CHD or at least one 
parent with a high TC level ,TC  ³  240 mg/dL) or whom family history is unknown and other risk fac-
tors are present; (2) those with undiagnosed secondary causes of dyslipidemia (endocrine, genetic, 
metabolic, renal or liver disorders); and (3) those with multifactorial dyslipidemia (polygenetic or 
related to risk factors, such as overweight, hypertension, diabetes mellitus)  [  13,   14  ] . The AAP recom-
mendations are in agreement with the American College of Obstetricians and Gynecologists for 
screening in adolescents and the American Heart Association (AHA) from 2003, updated in 2007  [  15, 
  16  ] . However, the National Lipid Association recommended at its last Annual Scienti fi c Session from 
May 2011, universal screening for children 9–11 years old and selective screening, starting from age 
2 in children with CAD risk factors  [  17  ] . 

 The recommended screening tests for targeted population are fasting lipids in children >2 years of 
age. The NCEP recommended levels for identifying children and adolescents with abnormal lipid and 
lipoprotein concentration are based on Lipid Research Clinic Pediatric Prevalence Study data and are 
the same for all children from 2 to 18 years of age (Table  24.1 )  [  18  ] . Recently, data from the NHANES 
1988–2002 were used to develop age- and gender-speci fi c thresholds that can be used to denote 
abnormal levels of TC, LCL-C, HDL-C, and triglycerides for 12–20 years old  [  19  ] . 

 The lipid-linked cardiovascular risk is principally determined by the concentrations of LDL-C, and 
of HDL-C (inversely), as concentrations of blood TC and LDL-C increase so does the risk of cardio-
vascular disease (CVD)  [  20  ] . This makes the LDL-C the preferred target for lipid-lowering 
 interventions. Systematic reviews and meta-analyses in adults have shown that lowering of  cholesterol 
whether by diet, drugs, or other means, decreases CVD risk  [  19  ] . 

   Table 24.1    Lipid pro fi le for children 2–18 years old according to NCEP guidelines (lipid Research clinic pediatric 
prevalence study)  [  18  ]    

 Lipoproteins 

 Acceptable (mg/dL)  Borderline(mg/dL)  Elevated (mg/dL) 

 <75th percentile  75th–95th percentile  >95th percentile 

 Total cholesterol  <170  170–199  >200 
 LDL-cholesterol  <110  110–129  >130 
 HDL-cholesterol  >45 
 Triglycerides  <100  100–124  >125 
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 The  fi rst formal institutional recommendation on risk factors in children came from the 
Committee on Nutrition of the AAP in 1972 and focused on diet as a means of controlling plasma 
cholesterol levels in children with FH  [  21  ] . The AHA made a similar recommendation in 1978 and 
expanded the application to all types of dyslipidemia  [  22  ] . The current treatment strategies have 
been laid out in the comprehensive report of the 1992 NCEP Expert Panel on Children and 
Adolescents and although dates almost two decades ago, these guidelines are still the basis for the 
present recommendations of AAP and AHA, with therapeutic lifestyle changes, including dietary 
modi fi cation, physical activity and weight control as the  fi rst line of treatment for all childhood 
dyslipidemia  [  23,   24  ] .  

   Diet and Hypercholesterolemia, the Evidence 

 Lipid-enriched diets are often used to induce or accelerate the rate of atherosclerotis progression in 
murine models of atherosclerosis. By far, the most widely used high-fat diet for atherosclerosis 
experiments is the so-called Western-type diet, which contains 21% fat and 0.15% cholesterol  [  25  ] . 
As for the opposite, regression of preexisting atherosclerotic lesions has also been demonstrated in 
mice models of atherosclerosis after switching to a chow diet  [  26  ] . In monkeys with severe athero-
sclerosis, regression of atherosclerosis occurred when blood cholesterol level was lowered with diet 
and drugs  [  27  ] . 

 Epidemiological studies have shown that, in humans, the major nutritional determinant of differ-
ences in serum cholesterol levels between countries appears to be the proportion of saturated fat in the 
diet. This was also observed in pediatric populations  [  28  ] . On an individual basis, changes in TC and 
LDL-C blood levels can be predicted by changes in the various fatty acids, again with the largest 
effect contributed to saturated fatty acids  [  29  ] . Total blood cholesterol levels in children vary 
geographically. In countries such as the Philippines, Italy, and Ghana where saturated fat constitutes 
approximately 10% of the dietary intake, the serum cholesterol levels in boys 8–9 years of age are 
generally below 160 mg/dL. In boys from countries such as the Netherlands, Finland, and the United 
States, the saturated fat intake varies from 13.5% to 17.7% of energy intake, and serum cholesterol 
levels are generally around 160 mg/dL  [  29  ] .  

   Dietary Intervention, Human Studies 

 The principal goal of dietary treatment of hypercholesterolemia is the reduction of the plasma LDL-C. 
This is best accomplished by enhancing the activity of LDL receptors and, at the same time, depress-
ing liver synthesis of cholesterol. Both cholesterol and saturated fat down-regulate the LDL receptor 
and inhibit the removal of LDL from the plasma by the liver. Saturated fat down-regulates the LDL 
receptor, especially when cholesterol is concurrently present in the diet. The total amount of dietary 
fat is also important. The greater the  fl ux of chylomicron remnants into the liver, the greater is the 
in fl ux of cholesterol ester. In addition, factors that affect LDL synthesis could be important. These 
include excessive calories (obesity) that enhance very low-density lipoprotein (VLDL) and, hence, 
LDL synthesis, mono- and polyunsaturated fatty acids. Therefore, the optimal, classic diet for treat-
ment of children and adults has the following characteristics: low fat (25–35% kcal), saturated fat 
(<7% kcal) and cholesterol (<200 mg) and replacement with fat from omega-6 polyunsaturated and 
monounsaturated fat, carbohydrate (55–65% kcal), and protein (15–25% kcal). 

 Low-saturated fat, low-cholesterol diets in adults have been shown to lower LDL-C by an average 
of 12%, with a 1.9-mg/dL decline in LDL-C for every 1% decline in saturated fat  [  30  ] . Further 
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restricting saturated fat from 10% of total energy to 7% (the Therapeutic Lifestyle Change diet) 
increased the LDL-C reduction to 16%. Adult studies have shown that, depending on age, reduction 
of cholesterol levels by 10%, decrease the incidence of CAD by 54% at age 40 years, 39% at age 50, 
27% at 60, 20% at 70, and 19% at 80  [  20  ] . 

 The Cardiovascular Disease in the Young Council of the AHA has recommended since 1983 
reduction of dietary fat and salt for all children to control serum lipids and blood pressure. These 
recommendations were echoed by the American Academy of Pediatrics in 1986 and the NCEP in 
1992  [  31,   32  ] . 

 Pediatric studies con fi rmed the results of the adult reports showing safety and ef fi cacy of a low-
cholesterol and low-saturated fat diet, at both clinical and school-based levels. In 1972, teenage 
boys in a New England boarding school lowered their mean serum cholesterol concentration 
(14%) after consuming a fat-modi fi ed diet  [  33  ] . A fat-modi fi ed diet produced a nearly identical 
result in Finnish children 8–18 years of age in 1986. Intensive intervention in schools to change 
diet among 13- to 15-year-old adolescents reduced serum cholesterol levels by 0.5 mmol/L (19 
mg/dL)  [  34  ] . 

 The Dietary Intervention Study in Children (DISC) is a controlled trial started in 1987 and con-
ducted over 3 years in U.S. children, 8–11 years old with high LDL-C (80th–90th percentile). The 
children were randomized to an intervention group ( n  = 334) receiving a diet with 28% of energy from 
total fat, 8% from saturated fat, up to 9% from polyunsaturated fat, and less than 75 mg cholesterol 
per 1,000 kcal per day and to a control group on regular care ( n  = 329) that consumed 33–34% of calo-
ries as total fat, 12.7% of calories as saturated fat, and 112 mg per day of cholesterol. Reductions in 
dietary total fat, saturated fat, and cholesterol were greater in the intervention than in the usual care 
group throughout the intervention period. At 1 year, 3 years, 5 years and at the last visit (7.5 years), 
the intervention compared with the usual care group had 4.8 mg/dL, 3.3 mg/dL, 2.8 mg/dL and 2.0 mg/
dL lower LDL-C ( P  < 0.001 and  P  < .02), at 1 and 3 years, but not at 5 years ( P  = 0.11) or at the last 
visit ( P  = 0.25) respectively. There were no differences at any data collection point in sexual matura-
tion, height or BMI. In conclusion, dietary fat modi fi cation can be achieved and safely sustained in 
actively growing children with elevated LDL-C and elevated LDL-C levels can be improved 
signi fi cantly up to 3 years, but not sustained in time  [  35,   36  ] . 

 In the Special Turku Coronary Risk Factor Intervention Project (STRIP), a low-saturated fat, low-
cholesterol diet was introduced to healthy infants in the intervention group ( n  = 540) begun at weaning 
(age 7 months) with parental dietary education continued through the age of 7 years. The intervention 
was individualized for each child and aimed at achieving a fat intake of 30–35% of daily energy, with 
a ratio of saturated to monounsaturated plus polyunsaturated fatty acid of 1:2 and cholesterol intake 
<200 mg/dL. The control children ( n  = 522) received the basic health education routinely given at 
Finnish well-baby clinics and through school health care. A low-saturated fat, low-cholesterol-ori-
ented nutrition intervention had a favorable effect on saturated fat intake and serum total and LDL-C 
concentrations throughout the  fi rst 14 years of life. Boys had lower total and LDL-C concentrations 
than girls throughout childhood ( P  < 0.001), and the intervention effect on serum cholesterol concen-
tration was larger in boys than girls. The two study groups showed no difference in growth, BMI, 
pubertal development, or age at menarche (median, 13.0 and 12.8 years in the intervention and control 
girls, respectively;  P  < 0.52), indicating that a low-fat diet may be instituted safely and effectively 
after 6 months of age under medical supervision  [  37–  40  ] . 

 An additional study, the Parent–child AutoTutorial (PCAT) program reported 8% improve-
ment in LDL-C level compared with the at-risk control group ( P  < 0.05). The studies that address 
dietary interventions in general populations of children and adolescents are presented in 
(Table  24.2   [  41  ] . 

 In conclusion, trials of dietary intervention have shown that the low-fat, low-cholesterol diet 
recommended by the National Cholesterol Education Program in 1992 report is safe and thus can be 
implemented in population-based strategies of cardiovascular disease risk lowering. 



   Ta
bl

e 
24

.2
  

  R
C

T
 o

f 
di

et
ar

y 
in

te
rv

en
tio

ns
 f

or
 th

e 
tr

ea
tm

en
t o

f 
hy

pe
rc

ho
le

st
er

ol
em

ia
 in

 c
hi

ld
re

n 
an

d 
ad

ol
es

ce
nt

s   

 R
ef

er
en

ce
 

 In
te

rv
en

tio
n 

 Po
pu

la
tio

n,
  N

  (
ag

e)
 

 B
as

el
in

e 
L

D
L

-C
 

 Po
st

in
te

rv
en

tio
m

 L
D

L
-C

 
 Sa

fe
ty

/s
ec

on
da

ry
 e

nd
 p

oi
nt

 

 O
ba

rz
an

ek
  [

  36
  ]  

 28
%

 e
ne

rg
y 

to
ta

l f
at

 <
8%

 
sa

tu
ra

te
d 

fa
t 

 In
te

rv
en

tio
n 

 n  
=

 3
34

 
 C

on
tr

ol
  n

  =
 3

29
 

 L
D

L
-C

 8
0–

98
%

 
 D

ec
re

as
e 

of
 L

D
L

-C
 

 1 
ye

ar
  P

  <
 0

.0
01

 
 N

o 
ch

an
ge

 in
 H

D
L

-C
 o

r 
T

G
 

 N
o 

di
ff

er
en

ce
 in

 h
ei

gh
t, 

w
ei

gh
t 

or
 T

an
ne

r 
st

ag
in

g 
 <

9%
 P

U
FA

 
 D

IS
C

 s
tu

dy
 

 <
75

 m
g/

10
00

 k
ca

l c
ho

le
st

er
ol

 
pe

r 
da

y 
 7.

8–
81

0.
8 

ye
ar

s 
 3 

ye
ar

s 
 P

  <
 0

.0
2 

 5 
ye

ar
s 

 P
  =

 0
.1

1)
 

 7.
4 

ye
ar

s 
 P

  =
 0

.2
5 

 T
C

 s
im

ila
r 

pa
tte

rn
 

 N
iin

ik
os

ki
 H

. 
C

ir
cu

la
tio

n.
 

20
07

;1
16

:1
03

2 
 T

he
 S

T
R

IP
 s

tu
dy

 

 Fa
t i

nt
ak

e 
30

–3
5%

 S
at

ur
at

ed
/to

 
m

on
ou

ns
at

ur
at

ed
 p

lu
s 

po
ly

un
sa

tu
ra

te
d 

fa
tty

 
ac

id
 o

f 
1:

2 

 In
te

rv
en

tio
n,

 
 n  

=
 5

40
 

 C
on

tr
ol

,  n
  =

 5
22

 

 R
an

do
m

 v
al

ue
s 

 D
ec

re
as

e 
of

 L
D

L
-C

 
 A

t 1
4 

ye
ar

s 
 N

o 
ch

an
ge

 in
 H

D
L

-C
 

 N
o 

di
ff

er
en

ce
 in

 g
ro

w
th

, B
M

I,
 

pu
be

rt
al

 d
ev

el
op

m
en

t, 
or

 a
ge

 a
t m

en
ar

ch
e 

 C
ho

le
st

er
ol

 <
20

0 
m

g/
da

y 
 Fr

om
 7

 m
on

th
s 

to
 

7 
ye

ar
s 

 B
oy

s 
 P

  <
 0

.0
01

 
 G

ils
  P

  =
 0

.1
2 

 K
ue

hl
 K

S.
 P

re
v 

M
ed

 .  
19

93
;2

2:
15

4 
 O

ne
 o

r 
fo

ur
 m

ul
tip

le
 9

0-
m

in
 

se
ss

io
ns

 o
f 

fa
m

ily
-o

ri
en

te
d 

nu
tr

iti
on

al
 e

du
ca

tio
n 

16
 w

ee
ks

 

 29
5 

ch
ild

re
n 

 H
yp

er
ch

ol
es

te
ro

le
m

ia
 

(>
18

5 
m

g/
dL

) 
 D

ec
re

as
e 

of
 T

C
 in

 b
ot

h 
gr

ou
ps

 
  P

  <
 0

.0
00

1 
 N

o 
di

ff
er

en
ce

 in
 g

ro
w

th
 

 2–
15

 y
ea

rs
 

 L
D

L
-C

 in
 m

ul
tip

le
 s

es
si

on
 

gr
ou

p 
on

ly
 

  P
  <

 0
.0

2 
 G

ol
d 

K
V

. W
es

t J
 M

ed
 

19
88

;1
48

:2
99

 
 St

ep
 1

 d
ie

t f
or

 a
ll 

 In
te

rv
en

tio
n;

 3
8 

g 
oa

t b
ra

n 
 C

on
tr

ol
; s

te
p 

1 

 29
 c

hi
ld

re
n 

 Sc
ho

ol
 a

ge
 

 M
ea

n 
10

 y
ea

rs
 

 H
yp

er
ch

ol
es

te
ro

le
m

ia
 

(>
18

5 
m

g/
dL

) 
 T

C
, L

D
L

-C
, H

D
L

-C
 

no
t d

if
fe

re
nt

 
 D

ec
re

as
ed

 s
ig

ni
 fi c

an
tly

 in
 S

FT
 

in
 lo

w
-f

at
 c

on
tr

ol
s 

( p
  =

 0
.0

3)
 

 ap
oB

 d
ec

re
as

e 
in

 lo
w

 f
at

 g
ro

up
 

 P
  <

 0
.0

05
 

 Sh
an

no
n 

B
M

. 
Pe

di
at

ri
cs

 
19

94
;9

4:
92

3 

 H
om

e-
ba

se
d,

 p
ar

en
t–

ch
ild

 
au

to
tu

to
ri

al
 (

PC
A

T
) 

di
et

ar
y 

ed
uc

at
io

n 

 26
1 

ch
ild

re
n 

 4-
 to

 1
0-

ye
ar

-o
ld

 
 T

C
>

 4
.5

5 
m

m
ol

/L
 

 B
oy

s 
2.

77
–4

.2
4 

m
m

ol
/L

 
 L

D
L

-C
 d

ec
lin

e 
of

 th
e 

PC
A

T
 

 P
  <

 0
.0

05
 

 D
ie

ta
ry

 k
no

w
le

dg
e 

of
 P

C
A

T
 

im
pr

ov
e 

 Sa
tu

ra
te

d 
fa

t c
on

su
m

ed
 b

y 
PC

A
T

 d
ec

re
as

e 
 G

ir
ls

 2
.9

0–
4.

24
 m

m
ol

/L
 

 W
ill

ia
m

s 
C

L
. J

 A
m

 C
ol

l 
N

ut
r 

19
95

;1
4:

25
1 

 St
ep

 1
 d

ie
t v

s.
 S

te
p 

1 
 50

 h
ea

lth
y 

 L
D

L
-C

 >
11

0 
m

g/
dL

 
 T

C
 d

ec
re

as
e 

 w
ith

 p
hy

si
liu

m
 

 2 
to

 1
1 

ye
ar

s 
 21

 m
g/

dL
 v

s 
11

.5
 m

g/
dL

 L
D

L
-C

 
de

cr
ea

se
 

 23
 m

g/
dL

 v
s.

 8
.5

 m
g/

dL
. H

D
L

-C
 

in
cr

ea
se

d 
 4 

m
g/

dL
 v

s.
 1

 m
g/

dL
 

(c
on

tin
ue

d)



 R
ef

er
en

ce
 

 In
te

rv
en

tio
n 

 Po
pu

la
tio

n,
  N

  (
ag

e)
 

 B
as

el
in

e 
L

D
L

-C
 

 Po
st

in
te

rv
en

tio
m

 L
D

L
-C

 
 Sa

fe
ty

/s
ec

on
da

ry
 e

nd
 p

oi
nt

 

 W
ill

ia
m

s 
C

L
. J

 A
m

 C
ol

l 
N

ut
r 

19
99

;1
8:

57
2 

 Pl
an

t s
ta

no
ls

 3
g/

da
y 

cr
os

s-
ov

er
 

st
ud

y 
13

 w
ee

ks
 

 19
 c

hi
ld

re
n 

 2–
5 

ye
ar

s 
 R

an
do

m
 

 T
C

 d
ec

re
as

e 
of

 1
9.

9 
m

g/
dL

 
( p

  <
 0

.0
1)

 
 N

o 
ch

an
ge

 in
 H

D
L

 o
r 

T
G

 

 L
D

L
-C

 d
ec

re
as

e 
of

 
14

.6
 m

g/
dL

 (
 p  

<
 0

.0
5)

 
fr

om
 b

as
el

in
e 

 E
ng

le
r 

 [  6
3  ]

  
 1.

2 
g/

d 
D

H
A

 
 20

 c
hi

ld
re

n 
 L

D
L

-C
 >

13
0 

m
g/

dL
 

 N
o 

ch
an

ge
s 

in
 to

ta
l 

ch
ol

es
te

ro
l, 

L
D

L
, H

D
L

, 
 Sh

if
t o

f 
lip

op
ro

te
in

 s
ub

cl
as

s 
di

st
ri

bu
tio

n 
 6 

w
ee

ks
 

 9–
19

 y
ea

rs
 

 M
cC

ri
nd

le
 B

W
. A

rc
h 

Pe
di

at
r 

A
do

le
sc

 
M

ed
. 1

99
8;

15
2:

10
89

 

 G
ar

lic
 e

xt
ra

ct
 

 30
 c

hi
ld

re
n 

 T
C

 >
18

5 
m

g/
dL

 
 N

o 
ch

an
ge

s 
in

 to
ta

l c
ho

le
st

er
ol

, 
L

D
L

, H
D

L
, a

nd
 tr

ig
ly

ce
ri

de
 

 6 
w

ee
ks

 
 8–

18
 y

ea
rs

 

 W
eg

hu
be

r 
D

. B
r 

J 
N

ut
r. 

20
08

;9
9:

28
1 

 So
y 

pr
ot

ei
n 

0.
25

-0
.5

 g
/k

g 
 23

 c
hi

ld
re

n 
 L

D
L

-C
 >

15
5 

m
g/

dL
 

 Si
gn

i fi
 ca

nt
 d

ec
re

as
e 

vs
. b

as
el

in
e 

 N
o 

ch
an

ge
 in

 H
D

L
 o

r 
T

G
 

 3 
m

on
th

s 
 4–

18
 y

ea
rs

 
 T

C
 >

27
0 

m
g/

dL
 

 T
C

 b
y 

7.
7%

 (
 p  

<
 0

.0
02

) 
 L

D
L

-C
 b

y 
6.

4%
( p

  <
 0

.0
00

3)
 

Ta
bl

e 
24

.2
 (

co
nt

in
ue

d)



31124 Dietary Management of Hypercholesterolemia in Infants and Children

 Low carbohydrate diets have been proved to be effective alternatives to low-fat diets for weight 
loss, and have shown even more favorable effects on lipids pro fi le and on glycemic control in over-
weight adults  [  42  ] . The ef fi cacy of low carbohydrate diets in children with hypercholesterolemia is 
unsettled, yet. The few, so far published studies have used these diets for weight reduction in over-
weight children and the lipid pro fi le was evaluated only as a secondary endpoint. The trials of Sondike 
et al. (RCT) and Dunlap BS (pilot) demonstrated a signi fi cant decrease in LDL-C only in the low-fat 
high-carbohydrate diet group  [  43,   44  ] . Other studies of low carbohydrate diets in overweight youths 
reported a signi fi cant decrease in TC, LDL-C and triglyceride levels, although not different to the low 
fat diet  [  45,   46  ] .  

   Dietary Interventions, Recommendations 

 Whenever a fasting lipoprotein analysis is performed, two measurements should be made and the 
LDL cholesterol levels should be averaged because of intraindividual variability. Recommendations 
for further evaluation and treatment are then based on the averaged LDL-C value, with LDL-C levels 
between 2.85 and 3.34 mmol/L (110 and 129 mg/dL) de fi ned as borderline high and those     3.35 mmol/L 
(    130 mg/dL) de fi ned as high  [  23  ] . 

 The most frequent cause of monozygotic hypercholesterolemia in childhood is familial hypercho-
lesterolemia (FH). FH is an autosomal-dominant condition resulting from de fi cient or defective LDL 
receptors and hence impaired clearance of circulating LDL particles. Other causes of inherited hyper-
cholesterolemia with similar presentation include apoB 100 mutations, homozygous autosomal reces-
sive hypercholesterolemia (ARH), and mutations in proprotein convertase subtilisin-like kexin type 9 
(PCSK9)  [  47  ] . FH results in extreme elevations in LDL-C that may distinguish the condition from 
other primary and most secondary causes of hyperlipidemia. The diagnosis can usually be made clini-
cally by the presence of highly abnormal fasting lipoprotein levels in family members, combined with 
a positive family history of premature CAD and events. However, genetic testing remains the crite-
rion standard, although it is not widely available  [  48  ] . Wiegman and colleagues studied 1034 children 
from kindreds with FH, including assessment of LDL receptor mutations, and noted that an LDL-C 
level >3.5 mmol/L (>135 mg/dL) predicted the presence of FH with a 98% posttest probability, dif-
ferentiating affected individuals from their unaffected family members  [  49  ] . 

 Cholesterol-lowering therapy in children with hypercholesterolemia, including FH, starts with 
dietary intervention and lifestyle modi fi cation. The Scienti fi c Statement from AHA for the treatment 
of high-risk lipid abnormalities in children and adolescents advocates the use of dietary treatment also 
as adjuvant to pharmacological treatment  [  16  ] . Existing pediatric guidelines are based on a consensus 
report originally published in 1992 by the NCEP Expert Panel on Blood Cholesterol Levels in Children 
and Adolescents  [  23  ] . The NCEP has recommended a two-level nutritional approach, which has been 
adopted, with some differences, by both AAP and AHA: a  population-based approach  aimed at shift-
ing the population distribution of cholesterol levels and an  individualized approach  for high-risk 
group who needed further monitoring and management  [  14  ] . 

 The cornerstone recommendation of the  population-based approach  is that all healthy children >2 
years of age adopt a fat- and cholesterol-restricted diet according to the Dietary Guidelines for 
Americans  [  14  ] . The recent 2008 AAP guidelines place an emphasis on improving the quality of 
dietary fat rather than reducing total fat consumption and advocate lowering the recommended age for 
dietary initiation of a low-fat diet in high-risk groups  [  23  ] . Although fat-restricted diets are generally 
not recommended for children under 2 years of age, the AAP guidelines suggest considering the use 
of low-fat dairy products for high-risk children aged 1 year and older with the BMI  ³  85th percentile 
or a family history of obesity, dyslipidemia, or CVD. Evidence from the ongoing STRIP study shows 
that the growth and neurological development of children aged 7 months and up who were maintained 
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on a low-fat diet was comparable to controls. Consumption of a wide variety of foods was 
recommended to achieve nutrient needs and with a goal to achieve an average daily intake of <10% 
of total calories from saturated fat with <30% from total fat and intake of <300 mg/d dietary choles-
terol (former Step 1 diet)  [  50  ] . The general dietary recommendations of the AHA for those aged 
2 years and older stress a diet that primarily relies on fruits and vegetables, whole grains, low-fat and 
nonfat dairy products, beans,  fi sh, and lean meat. These general recommendations echo other recent 
public health dietary guidelines in emphasizing low intakes of saturated and  trans  fatty acids, choles-
terol, added sugar and salt; energy intake and physical activity appropriate for the maintenance of a 
normal weight for height; and adequate intake of micronutrients. The recently published  Dietary 
Guidelines for Americans  (for those 2 years of age and older) and American Academy of Pediatrics 
Nutrition Handbook provide important supporting reference information with regard to overall diet 
composition, appropriate caloric intakes at different ages, macronutrients, micronutrients, portion 
size and food choices  [  51  ] . 

 The  high-risk individual approach  recommend that, for children whose LDL-C level remains 
>3.35 mmol/L (>130 mg/dL) while compliant with the fat- and cholesterol-restricted diet, a more 
restrictive diet is implemented (former Step 2 diet)  [  50  ] . This diet further limits saturated fat intake to 
<7% of total caloric intake and cholesterol intake to <200 mg/d. Despite compliance with lifestyle 
recommendations, some high-risk children and adolescents with high LDL-C levels will require lipid-
lowering drug therapy, particularly those with FH  [  52  ] . LDL-C lowering drug therapy is recom-
mended only in those children >8 to 10 years of age whose LDL-C remains extremely elevated after 
an adequate 6- to 12-month trial of diet therapy (LDL-C  ³  190mg/dL or LDL-C  ³  160mg/dL and a 
family history of CAD or two or more risk factors, or LDL-C  ³  130mg/ dL if diabetes mellitus is pres-
ent) (Table 24.3).  

   Effect of a Low-Fat Diet in Childhood on Future CVD in Adulthood 

 The evidence that a low-saturated fat, low-cholesterol diet in childhood will prevent CVD in adult-
hood can only be inferred from epidemiological studies, where children from countries with a 
lower prevalence of CVD had lower TC levels than those children from countries with higher CVD 
and TC levels  [  53, 54  ] . 

 Children with heterozygous FH have been shown to have abnormalities on noninvasive vascular 
assessments, including greater carotid-intima media thickness and abnormal arterial endothelial func-
tion  [  55  ] . These have been used as atherosclerosis surrogate markers and lipid-lowering interventions, 
including low-fat, low-cholesterol diets have been shown to improve these abnormalities. Evaluation 
of  fl ow-mediated dilatation at 11 years in children participating in STRIP study, a low-saturated-fat 
diet introduced in infancy and maintained during the  fi rst decade of life, was associated with 
enhanced endothelial function in boys, but not in girls, effects mediated in part by the diet-induced 

   Table 24.3    Recommended LDL-level for pharmacological treatment of children and adolescents  [  52  ]    

 Patient’ characteristics  Recommended LDL-Cholesterol cut-off levels 

 No risk factors for CAD  LDL-C levels persistently >190 mg/dL despite 
intensive dietary intervention (Step 2 diet) 

 Positive family history for premature CAD (FH)  LDL-C levels persistently >160 mg/dL despite intensive 
dietary intervention (Step 2 diet)  Other risk factors: overweight, hypertension, smoking 

 Children with diabetes mellitus, after heart transplant, 
heterozygous FH, coronary artery disease (aneurisms 
after Kawasaki disease 

 LDL-C levels persistently >130 mg/dL despite intensive 
dietary intervention (Step 2 diet) 
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reduction in TC  [  56  ] . In addition, in the same Finnish study, the children showed improved insulin 
sensitivity at 9 years and overweight was less prevalent in the intervention (10%) compared with 19% 
of the control girls.  

   Nutritional Supplements 

 There has been a great deal of interest in dietary supplements and complementary medicines, although 
few have been subjected to rigorous clinical evaluation. Obviously, complementary medicines and 
dietary supplements and modi fi cations should be supported by rigorous clinical trial evidence before 
being adopted as acceptable therapies for the management of hyperlipidemia in children. 

  Modi fi cation of dietary fat quality  .  In adults, the major nutritional determinant of differences in serum 
cholesterol levels between countries appears to be the proportion of saturated fat in the diet. In addi-
tion, there are concerns whether the fat- and cholesterol-restricted diets adversely affect HDL-C, LDL 
particle properties, and triglycerides blood levels. A recent study has suggested that changes in the 
quality of dietary fat consumption with substitution of products predominating in saturated fat for 
those predominating in polyunsaturated fats, without altering total fat intake, may result in an >15% 
reduction in LDL-C levels  [  57  ] . Dietary enrichment with rapeseed or canola oil has been shown to 
lower triglyceride and VLDL levels without affecting HDL  [  58  ] . 

  Stanols . Partial substitution of dietary fat consumption with margarines high in plant stanol esters can 
reduce LDL-C by an additional 10–15% when added to a low-fat diet. The proposed mechanism of action 
of plant stanols and sterols is lowering the absorption of dietary cholesterol. Plant stanols and sterols may 
be added to a number of food products, including spreads and margarine, orange juice, yogurt drinks, 
cereal bars, and dietary supplements. A clinical trial of plant stanol ester margarine in 81 children showed 
that LDL-C levels were lowered by a mean of 7.5%, with good tolerance  [  59  ] . Gylling and colleagues 
performed a crossover trial in 15 children with FH using partial dietary fat substitution with sitostanol 
ester dissolved in rapeseed oil margarine. They showed that LDL-C levels were reduced by a mean of 
15%, and ratios of HDL-C to LDL-C levels were improved by a mean of 27%  [  60  ] . The most important 
safety concern with these products is that they may also result in decreased absorption of fat-soluble vita-
mins and beta-carotene. Formal recommendation of their use for children awaits clinical trial data. 

  Soy protein . The source of dietary protein has been shown to have a signi fi cant in fl uence on the concentra-
tions of plasma cholesterol and lipoproteins with soy protein having hypocholesterolemic effect when 
compared with casein  [  61  ] . In studies on hypercholesterolemic adults, substitution of mixed animal pro-
teins with soy-protein induced moderate to marked plasma cholesterol decreases. Small studies of dietary 
alterations in hyperlipidemic children have shown that substitution with soy-based protein may increase 
HDL-C and lower VLDL levels and triglyceride and may lower LDL-C levels  [  62  ] . At the present time, 
however, adjunct dietary intervention with soy protein is not advocated for patients with dyslipidemia. 

  Omega-3 fatty acids . Diet supplementation with  w -3 fatty acids has been advocated, but not supported 
by randomized controlled clinical trials. Compared with placebo, supplementation of a low-fat diet 
with omega-3 fatty acid, docosahexaenoic acid 1.2 g/day, did not lower LDL-C, but changed the dis-
tribution between LDL subclasses with shifts toward less dense LDL particles, 91% increase in the 
largest LDL and a 48% decrease in the smallest LDL subclass as compared to placebo  [  63  ] . 

  Dietary  fi ber . Increased intake of soluble  fi ber is recommended as an adjunct to the reduced intakes 
of saturated fatty acids and cholesterol. Water-soluble  fi bers, such as psyllium, can provide an addi-
tional 5–10% lowering effect on LDL-C. The proposed mechanism of action of  fi bers is thought to be 
by binding to bile acids cholesterol and its removal from the enterohepatic circulation. Studies report-
ing the effect of water-soluble supplemental  fi bers such as psyllium have been, however, equivocal; 
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some have shown a slight reduction in LDL-C concentration by approximately 5–10%. Dennison and 
colleagues did not show any bene fi t on lipid levels in a crossover clinical trial in 20 hyperlipidemic 
children supplemented with psyllium-enriched cereal  [  64  ] . In contrast, Davidson and colleagues who 
performed a similar crossover clinical trial in 26 hyperlipidemic children, showed a modest LDL-C 
reduction of 7% with the psyllium-enriched versus control group  [  65  ] . 

  Garlic . Garlic extract preparations have been marketed for the treatment of hyperlipidemia, although 
evidence of a bene fi cial effect on the lipid pro fi le has not been noted in independent clinical trials. 
A placebo-controlled, double-blind clinical trial conducted in 30 children with familial hyperlipi-
demia using a commercially available garlic extract showed no clinically important effect on the lipid 
pro fi le or any other cardiovascular risk factor  [  66  ] . 

 Increased physical activity may also be useful for improving dyslipidemia in children and adoles-
cents. Physical activity primarily affects HDL and triglyceride concentrations, but improvement of 
LDL-cholesterol concentration has also been documented  [  67  ] . Although there have been few ran-
domized clinical trials to document the effects of physical activity as a speci fi c intervention for chil-
dren and adolescents, supportive data are available from epidemiological studies  [  67  ] .  

   Nutritional Assessment and Counseling 

 Dietary intervention should be preceded by a detailed nutritional assessment including anthropometry 
and current eating patterns history. In general, dietary recommendations should be consistent with 
good nutrition, aimed at a proper caloric balance to ensure optimal growth and development while 
preventing obesity. Close guidance and follow up by a quali fi ed dietitian should assist the child and 
family alike. As children begin to consume fewer calories from fat, the missing calories should be 
replaced by eating more grain products, fruits, vegetables, calcium-rich foods (low-fat milk products), 
or protein-rich foods (lean meat, poultry,  fi sh). No single food item provides all essential nutrients 
thus, choosing a wide variety of food from all the food groups will ensure an adequate diet. 

 The home environment aids children and adolescents make the right nutritional choices and main-
tain a healthful diet. Parents should be encouraged to act as a role model for their children and all 
family members should consume a healthy diet. Dietitians should guide children and their families in 
making healthy choices at school, and in fast-food restaurants. Care should be taken as some parents 
and their children may implement an extremely low-fat diet, leading to nutritional insuf fi ciency and 
subsequent growth failure  [  68  ] .  

   Follow Up 

 The reduction in fat intake, if done without professional monitoring and counseling, could potentially 
lead to a de fi ciency of essential fatty acids and fat soluble vitamins and a reduction in the overall 
energy content of the diet which has implications for satiety and growth in children who have rela-
tively high energy requirements  [  68  ] . An increase in the carbohydrate content of the diet may lead to 
raised blood levels of triglyceride. 

 Children and adolescents placed on a low-fat diet should have height and weight assessments 
every 6 months to ensure that linear growth is not compromised. To date, the exact percentage of 
dietary intake from fat that supports normal growth and development while maximally reducing ath-
erosclerosis risk needs clari fi cation, especially when the effect of carbohydrates’ intake in children is 
ill-de fi ned  [  43–  46  ] .  
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   Safety of Dietary Therapy in Infants, Children, and Adolescents 

 Data from the ongoing Special Turku Risk Intervention Program (STRIP) conducted in infants as 
young as 7 months of age and from the DISC study conducted in children aged 8–10 years throughout 
adolescence have demonstrated that these dietary recommendations are safe and do not interfere with 
normal growth, development, and sexual maturation  [  69,   70  ] . Failure to thrive, however, has been 
demonstrated in children under 2 years of age who eat fat-restricted, low energy diets. Thus, imple-
mentation of these diets should be very carefully supervised in children in this age group. Growth 
failure was reported in one study in eight (20%) of 40 children with dyslipidemia, 3 (7.5%) of whom 
had nutritional dwar fi ng and no progression of puberty  [  71  ] . In that study, families were unsupervised 
in the implementation of low-fat, low-cholesterol diets for a period up to 4.5 years; those with nutri-
tional dwar fi ng had longer periods of time between diagnosis and formal dietary assessment and 
counseling. In addition, in some studies, there were lower intakes of calcium, zinc, vitamin E, and 
phosphorus on low-fat diets  [  72  ] . 

 Therefore, although normal growth could be achieved and maintained on low-fat diets, attention 
needs to be paid to ensure adequate intake of these key nutritional elements. Medical and nutritional 
support is necessary to reinforce good dietary behaviors and ensure nutritional adequacy  [  73, 74 ]. 

 Lastly, people with hypercholesterolemia may be susceptible to potentially detrimental psycho-
logical and nutritional consequences of their dietary treatment. However, so far, few studies have 
assessed the quality of life of children with dyslipidemia on dietary intervention  [  75  ] .  

   Summary of Recommendations for Screening and Treatment 
of Dyslipidemia in Children and Adolescents 

    All healthy children >2 years of age should adopt a fat- and cholesterol-restricted diet according to • 
the Dietary Guidelines for Americans.  
  Fasting serum lipid pro fi les should be performed in a selected group of children older than 2 years, • 
preferably before 10 years and including: (1) children with a family history of dyslipidemia or 
premature CAD, (2) children with disorders associated with secondary dyslipidemia, and (3) chil-
dren affected by risk factors, i.e., overweight, hypertension, diabetes mellitus.  
  For children whose LDL-C level remains >3.35 mmol/L (>130 mg/dL) while compliant with the • 
fat- and cholesterol-restricted diet, a more restrictive diet should be implemented. This diet further 
limits saturated fat intake to <7% of total caloric intake and cholesterol intake to <200 mg/d.  
  Close guidance and follow up by a quali fi ed dietitian should be to assist the child and family • 
constantly.  
  LDL-C lowering drug therapy is recommended only in those children >8 to 10 years of age, who • 
after an adequate 6- to 12-month trial of diet therapy still have extremely high LDL-C levels.     

   Dietary and Lifestyle Interventions, Summary of AHA and AAP 
Recommendations 

    Adequate nutrition should be achieved by eating a wide variety of foods  • 
  Total caloric intake should be suf fi cient to support normal growth and development and maintain/• 
achieve appropriate body weight  
  No decrease in total protein is recommended  • 
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  Total fat should provide no more than 30% but no less than 25% of total calories  • 
  In children aged 12 months to 2 years who are overweight, obese, or have a family history of obe-• 
sity, dyslipidemia, or cardiovascular disease the use of reduced-fat milk/dairy products deserve 
careful consideration  
  Saturated fat should provide less than 10% of total calories for all children and less than 7% for • 
children in high-risk groups  
  Eliminate  • trans -fat and replace them with polyunsaturated fat, and include  fi sh, especially oily  fi sh 
(at least twice a week)  
  Children should consume no more than 100mg/1000 cal of cholesterol per day and less than 75 • 
mg/1000 cal cholesterol per day if they belong to the high-risk group  
  Children should consume at least 5 serving of vegetable and fruits and whole grain bread/cereals • 
and simple sugars should be replaced with complex carbohydrates  
  All children should eat adequate amounts of dietary  fi ber (age+5 g/ day) up to 20 g  • 
  Reduce salt intake, including salt from processed food  • 
  The diet should be implemented under counseling and monitoring of a nutritionist (physician or a • 
dietitian)  
  Physical activity (time spent in active play) should be at least 1 h/ day, whereas screen time (televi-• 
sion, computer, or video game) should not exceed 2 h/day     

   Conclusions 

 The progression of atherosclerosis from childhood fatty streaks to clinically signi fi cant  fi brous plaques 
during young adulthood was established in the 1980s by the publication of postmortem studies from 
the Bogalusa Heart Study and the PDAY study. These studies have shown that atherogenesis early in 
life is associated with the traditional risk factors for CAD and that these risk factors tend to track into 
adulthood. Since many lifestyle changes are dif fi cult to achieve in adulthood and even harder to main-
tain over the long term, it seems reasonable to attempt to alter these risk factors early in life. 

 While lifestyle modi fi cation is the mainstay of treatment, sometimes it is not suf fi cient to achieve 
the desired cholesterol levels and drug therapy may be warranted. Nevertheless, with the increasing 
use of drugs in the treatment of children with hypercholesterolemia, it must be emphasized that dietary 
and drug treatments are synergistic and dietary and lifestyle modi fi cations must not be abandoned 
after the initiation of drug therapy.      
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      Keypoints 

       Adipose tissue is an endocrine organ, secreting bioactive molecules which act at both the local and • 
systemic level.  
      Adiponectin is speci fi cally expressed in subcutaneous adipose tissue and shows a protective role • 
in the development of obesity-related disorders and metabolic syndrome.  
      Leptin is principally secreted by subcutaneous adipose tissue and their circulating levels are closely • 
associated with the amount of fat mass.  
      The development of adipose tissue is very important in the  fi rst years of life, since pathogenetic • 
mechanisms of obesity start very early in life.  
      Epidemiological studies have shown an association between a reduced size at birth and increased • 
long-term risk for obesity, insulin resistance, type 2 diabetes, hypertension and cardiovascular 
disease in adulthood.  
      The catch-up growth in babies born with low birth weight promotes excess adiposity in relation to • 
muscle mass, which in turn may result in insulin resistance.      

  Keywords   Adipocytes  •  Adipokines  •  Neonate growth  •  Neonate development  •  Metabolic syndrome  
•  Birth weight  

   Introduction 

 Studies over the last several years have revealed important roles for adipose tissue that have been 
looked at with renewed interest. Adipose tissue is now regarded as a complex, highly active meta-
bolic, endocrine organ. In fact, it secretes biologically active substances with systemic actions, such 
as leptin and adiponectin  [  1  ]  and, besides playing a role in energy homeostasis, it contributes to 
immune and in fl ammatory responses. 

    Chapter 25   
 Adipose Tissue, Its Hormones and Infant Development       

      Mauro   Bozzola and           Cristina   Meazza         
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 Both adipose tissue excess (i.e., obesity) and de fi ciency (i.e., lipodystrophy) are associated with 
adverse metabolic consequences, including insulin resistance, hyperglycemia, dyslipidemia, hyper-
tension, prothrombotic and proin fl ammatory states. 

 Adipose tissue and its hormones are also involved in the growth and development of infants begin-
ning early in neonatal life, with an in fl uence on the risk of developing cardiovascular and cerebrovas-
cular diseases in adulthood. In fact, pathogenetic mechanisms of these clinical conditions start very 
early in life. Epidemiological studies have demonstrated a link between reduced size at birth and/or 
rapid catch-up growth and increased long-term risk for adult onset obesity, insulin resistance, type 2 
diabetes, hypertension and cardiovascular disease. 

 This chapter provides information on adipose tissue, its secreted molecules and their role in the 
physiological and pathological development of infants. A better understanding of adipose tissue biol-
ogy and development may help to prevent and treat these clinical conditions.  

   Adipose Tissue 

 The traditional view of adipose tissue as a passive reservoir for energy storage is no longer valid. In 
fact, in 1987 it was discovered that it is one site for the metabolism of sex steroids and later, in 1994, 
that it secretes the hormone leptin. This latter  fi nding clearly demonstrated a relationship between 
body fat and the endocrine axis, rede fi ning adipose tissue as an endocrine organ. 

 Adipose tissue can accumulate in different compartments within the body, broadly de fi ned as vis-
ceral (internal) and subcutaneous (peripheral). The accumulation of excess fat in the visceral compart-
ment is associated with increased risk for multiple medical morbidities, including metabolic syndrome 
 [  2  ] . For example, type 2 diabetes and insulin resistance are linked to adipocyte hypertrophy in abdom-
inal visceral adipose tissue (Fig.  25.1 ). The subcutaneous depots are less metabolically active, and 
secrete more leptin and adiponectin and less free fatty acids  [  2  ] . The excessive accumulation of sub-
cutaneous adipose tissue is associated with hyperleptinemia which renders subjects more susceptible 
to further weight gain  [  3  ]  (Fig.  25.1 ). This difference in disease risk may be due to differences in 
endocrine function among adipose tissue depots. Endocrine hormones derived from visceral adipose 
tissue are secreted into the portal system, have direct access to the liver and a relatively large effect on 
hepatic metabolic function. Therefore, it has been demonstrated that body fat distribution is critically 
important in patients with coronary heart disease rather than their total BMI  [  4  ]  and that abdominal 
obesity is a stronger risk factor for mortality than general obesity  [  5  ] . Furthermore, subjects with fat 
around abdominal viscera in the mesentery and omentum (visceral fat) are at greater risk than those 
with peripheral obesity  [  6  ] .  

 Adipose tissue is subdivided into two functionally distinct tissues, brown and white adipose tissue. 
Brown adipose tissue is specialized for heat production and the stored lipid droplets serve primarily 
as a fuel for the production of heat. White adipose tissue, on the other hand, represents a long-term 
energy reservoir storing triacylglycerols and protects other organs from mechanical damage  [  7  ] . An 
important feature of this tissue is that it is not made up simply of mature adipocytes which store lipids, 
but contains a variety of other cells such as  fi broblasts, preadipocytes, tissue-resident macrophages 
and endothelial cells. Therefore, it expresses receptors sensitive to in fl ammatory agents and signals 
from the traditional hormone system as well as the central nervous system (CNS) (Table  25.1 ). These 
cells upon stimulation secrete large numbers of bioactive molecules, collectively termed adipokines, 
that act at both the local (autocrine/paracrine) and systemic (endocrine) level (Table  25.2 ). Adipokines 
(about 50 different molecular entities) include cytokines, growth factors, proteins of the alternative 
complement system and proteins involved in the regulation of blood pressure, vascular homeostasis, 
lipid metabolism, glucose homeostasis and angiogenesis. Adipose tissue is distributed in multiple 
subcutaneous, intra-abdominal, intramuscular and intrathoracic depots, which differ in receptor and 
adipokine expression and secretion, lipid storage capacity and fatty acid composition  [  1  ] . Adipose 
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tissue is, therefore, involved in coordinating many biological processes including energy metabolism, 
neuroendocrine and immune function. In this latter process, adipose tissue-resident CD4 +  CD31 +  
macrophages actively participate. Furthermore, the cross-talk between lymphocytes and adipocytes 
particularly in lymph nodes, which are generally surrounded by pericapsular adipose tissue  [  8  ] , has an 
important role in regulating the immune system.   

  Fig. 25.1    Distinct roles of visceral ( a ) and subcutaneous ( b ) adipose tissue in whole-body metabolic functions (with 
the permission of the authors  [  57  ] )       

   Table 25.1    Principal receptors expressed in adipose tissue   

 Receptors for endocrine hormones  Insulin receptor 
 Glucagon receptor 
 GH receptor 
 TSH receptor 
 Leptin receptor 
 Angiotensin II receptors type 1 and 2 

 Nuclear hormone receptors  Glucocorticoid receptor 
 Vitamin D receptor 
 Thyroid hormone receptor 
 Androgen, estrogen, and progesterone receptors 

 Cytokine receptors  IL-6 receptor 
 TNF- a  receptor 

 Catecholamine receptors   b 1,  b 2,  b 3 receptors 
  a 1,  a 2 receptors 
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 Visceral adiposity is associated with chronic low-grade in fl ammation, as indicated by increased 
levels of the in fl ammatory markers CRP and IL-6 in the circulation of these obese subjects. On the 
other hand, severe malnutrition has been associated with thymic atrophy, reduced T-cell function and 
increased susceptibility to infection  [  9  ] . However, other factors such as poor hygienic conditions and 
concomitant chronic disease, which are also often present in severe malnutrition, might play an impor-
tant role.  

   Adipose Tissue-Secreted Proteins 

   Adiponectin 

 Adiponectin is speci fi cally expressed in differentiated adipocytes, principally in subcutaneous adi-
pose tissue. This adipokine circulates at a high level (in the microgram per milliliter range) and it is a 
potent metabolic mediator that controls processes associated with obesity and in fl ammation. Serum 
adiponectin improves insulin sensitivity and fatty acid metabolism  [  10  ] ; low levels are associated with 
obesity, type 2 diabetes, dyslipidemia, and cardiovascular/cerebrovascular diseases  [  11–  14  ] . Serum 
adiponectin has strong anti-in fl ammatory properties in the vascular endothelium, pancreas, and intes-
tinal mucosal epithelial cells. 

 Structurally, adiponectin belongs to the collagen superfamily, sharing homology with collagens, 
complement factors and also tumor necrosis factor (TNF)- a . Adiponectin occurs naturally as an oli-
gomer based on the three-protein units whose peptide chains assemble as a collagen helix. The high 
molecular weight form is generally an 18mer, the intermediate weights include 6 and 12mers, the low 
molecular weight form is 3mers. The higher molecular weight complexes are the predominant form 
in human serum. Although total adiponectin concentrations play an important role in adult and child-
hood metabolic dysfunction, recent studies have highlighted the different activities of speci fi c adi-
ponectin oligomers. Different forms of adiponectin can display various, and sometimes opposing, 
activities. The ratio of these forms may be an important determinant of insulin sensitivity and response 
to insulin-sensitizing drugs  [  15,   16  ] . The 18mer high molecular weight form is highly active in con-
trolling insulin-sensitive metabolic processes. 

   Table 25.2    Principal adipocyte-derived proteins with endocrine functions   

 Cytokines and chemokines  TNF- a  
 IL-1, IL-6, IL-10, IL-15 
 MCP-1, MIP 

 Hormones  Leptin 
 Adiponectin 
 Resistin 
 Visfatin 
 Nesfatin 

 Proteins involved in the  fi brinolytic system  PAI-1 
 Tissue factor 

 Lipids and proteins for lipid metabolism 
or transportation 

 Lipoprotein lipase (LPL) 
 Cholesterol ester transfer protein (CETP) 
 Apolipoprotein E 
 Nonesteri fi ed fatty acids (NEFA) 

 Enzymes involved in steroid metabolism  Cytochrome P450-dependent aromatase 
 17 b -hydroxysteroid dehydrogenase (HSD) 
 11 b HSD1 
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 Adiponectin receptors were initially identi fi ed predominantly on muscle (AdipoR1) and liver cells 
(AdipoR2), although in humans they are expressed ubiquitously in the body. 

 Males have signi fi cantly lower plasma adiponectin levels than females, and this sexual dimor-
phism is observed during pubertal development in relation to serum androgens. 

 Clinical and animal studies consistently show decreased adiponectin levels in obesity, and these 
confer a substantially increased risk for diabetes and cardiovascular disease, suggesting that adi-
ponectin may directly contribute to the pathogenesis of these diseases. Several lines of evidence sup-
port the protective role of adiponectin in the development of obesity-related disorders and metabolic 
syndrome, particularly in the pathogenesis of type 2 diabetes and cardiovascular/cerebrovascular dis-
eases  [  17  ] . The metabolic effects of adiponectin are mediated by different mechanisms. For example, 
in the liver it increases fatty acid oxidation and reduces hepatic glucose output, via increased phospho-
rylation of the insulin receptor and modulation of the nuclear factor  k  B  pathway  [  18  ] .  

   Leptin 

 Leptin, a 16 kDa protein with a structure similar to cytokines, is encoded by the  Ob gene   [  19  ]  located 
on chromosome 7q31.3. It is principally secreted by subcutaneous adipose tissue. The leptin receptor 
(Ob-R) is a large single membrane-spanning protein and belongs to the gp130 family of cytokine 
class-I receptors. 

 Leptin affects central circuits in the hypothalamus, thereby suppressing food intake and stimulating 
energy expenditure. Thus, leptin plays a major role in the control of body fat stores through coordi-
nated regulation of feeding behaviors, metabolism, autonomic nervous system, and body energy bal-
ance  [  20  ] . Congenital leptin de fi ciency is a rare cause of early-onset obesity. In all known cases, it has 
resulted in a dramatic reversal of the hyperphagia phenotype accompanied by hyperinsulinemia, 
hyperlipidemia and other metabolic, neuroendocrine and immune dysfunctions. Recombinant leptin 
therapy leads to a dramatic decrease in appetite and food intake, and to a complete reversal of hor-
monal changes such as hypogonadism seen in severely leptin-de fi cient subjects. DNA polymorphisms 
in the  Ob gene  may be linked to polygenic cases of obesity  [  20  ] . The level of  Ob mRNA  in white adi-
pose tissue and the circulating leptin level are closely associated with the amount of fat mass, as shown 
in human and rodent studies. Leptin levels rapidly decline with caloric restriction and weight loss. In 
addition to its effects on energy homeostasis, leptin regulates neuroendocrine function and traditional 
endocrine systems. Leptin normalizes suppressed thyroid hormone levels in leptin-de fi cient humans 
via stimulation of TRH expression  [  21  ]  and acts also on the ovaries, testes, prostate and placenta  [  22  ] . 
Other important endocrine effects of leptin include regulation of immune function, hematopoiesis, 
angiogenesis, and bone development. In fact, leptin normalizes immune function, promotes the prolif-
eration and differentiation of hematopoietic cells, stimulates endothelial cell growth and angiogenesis 
 [  22  ] . Finally, leptin decreases bone mass via activation of the sympathetic nervous system  [  23  ] .  

   Visfatin 

 It has been observed that the protein visfatin is increased in obesity. Visfatin has a molecular weight 
of 52 kDa. It was hypothesized to bind directly to the insulin receptor and to exert insulin-like effects 
both in vivo and in vitro  [  20,   24  ] . 

 The effects of visfatin on adipogenesis and glucose metabolism are of particular interest with 
respect to its putative role in the pathogenesis of obesity and diabetes. Some clinical association stud-
ies have con fi rmed an association of visfatin with diabetes, while others did not  fi nd any correlation. 
Similarly, the relationship of visfatin with parameters of glucose metabolism and insulin resistance is 
contradictory, and overall there has been no clear effect demonstrated for visfatin on metabolism.  
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   Resistin 

 Resistin received its name from the original observation that it induces insulin resistance in mice  [  25  ] . 
Resistin is an ~12 kDa polypeptide belonging to a unique family of cysteine-rich C-terminal domain 
proteins called resistin-like molecules. It is speci fi cally expressed in adipose tissue, particularly in the 
visceral compartment (15-fold greater in rodents)  [  26  ] . 

 Levels of resistin have been reported to be either increased, unchanged or decreased in obesity and 
type 2 diabetes, dampening the initial enthusiasm over the possible link between adiposity and insulin 
resistance. In fact, several studies in humans have failed to provide a clear and consistent link between 
resistin expression in adipose tissue or circulating resistin levels and adiposity or insulin resistance  [  26  ] .  

   Interleukin (IL)-6 and TNF- a  

 IL-6 and TNF- a  are the two best studied cytokines in obesity and have been consistently found to be 
increased in the serum of obese subjects  [  27  ] . Adipose tissue (adipocytes and adipose tissue matrix) 
contributes about 30 % of circulating IL-6, with visceral producing higher levels of IL-6 compared 
with subcutaneous adipose tissue  [  28  ] . IL-6 circulates in multiple glycosylated forms, ranging in size 
from 22 to 27 kDa. The IL-6 receptor (IL-6R) is homologous to the leptin receptor; a complex consist-
ing of IL-6R and two homodimerized transmembrane gp130 molecules triggers intracellular signaling 
by IL-6. 

 IL-6 concentrations are positively correlated with obesity, impaired glucose tolerance, and insulin 
resistance  [  29  ] . They are high in obese subjects and decrease with weight loss. The high levels of IL-6 
are probably responsible for the increase in acute-phase proteins, such as CRP. Furthermore, IL-6 
induces hyperlipidemia and hyperglycemia, decreases insulin signaling and inhibits adipogenesis and 
adiponectin secretion  [  29  ] . These data suggest a causal role for IL-6 in obesity and insulin resistance. 

 Within adipose tissue, TNF- a  is expressed by adipocytes, principally those of the subcutaneous 
tissue, and stromovascular cells  [  28  ] . TNF- a  is a 26 kDa transmembrane domain protein that is 
cleaved into a 17 kDa biologically active protein, which exerts its effects via type I and type II TNF- a  
receptors. TNF- a  is implicated in the pathogenesis of obesity and insulin resistance  [  30  ] , by inducing 
serine phosphorylation of the insulin receptor, which inhibits insulin signaling  [  31  ] . Furthermore, it 
in fl uences gene expression in metabolically important tissues, such as adipose tissue and liver. For 
example, TNF- a  suppresses expression of genes involved in the uptake and storage of nonesteri fi ed 
fatty acids (adipose tissue) and in glucose uptake (liver)  [  32  ] .   

   Adipose Tissue and Infant Development 

 A wide variation in the height and weight in the  fi rst years of life has been observed  [  33  ] . Most infants 
exhibit “catch-up” or “catch-down” growth over the  fi rst to second years of life  [  34  ]  and these re fl ect 
the cessation of maternal-uterine in fl uences on fetal growth. This growth also represents a move 
toward their genetic growth trajectory. The development of adipose tissue is very important in this 
period, since pathogenetic mechanisms of obesity start very early in life. 

 Humans differ from most mammals, including nonhuman primates, by accumulating signi fi cant 
quantities of body fat in the utero and consequently they have one of the highest fat ratios at birth. 
Until lactation is established, nutritional disruption is common at birth, during which time human 
newborns survive on fats deposited prenatally. This is one possible explanation for prenatal fat 
deposition. 
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 The  fi rst traces of adipose tissue are already detectable between 14 and 16 weeks of gestation, both 
in males and females. Thus, in the second trimester there are early signs of adipogenesis and after the 
23th week of prenatal life, the number of fat lobules remains constant and they only grow in size. At 
birth there is a large increase in heat production. It is known that a restriction in maternal nutrition 
reduces adipose tissue deposition. Therefore, infants born extremely preterm are profoundly de fi cient 
in adipose tissue and their postnatal course is often marked by prolonged nutritional compromise, 
chronic illness and poor growth  [  35  ] . This reduction refers only to subcutaneous and not to intraab-
dominal adipose tissue mass, suggesting that these two compartments may be under different regula-
tory control during intrauterine life  [  36  ] . This signi fi cantly increased intraabdominal adiposity may be 
due to excessive both endogenous (stress-associated glucocorticoid release) or exogenous (steroid 
treated subjects) glucocorticoid exposure. Evidence is presented that fat stores are mobilized during 
infection, hinting at one possible mechanism underlying the association between nutritional status and 
infectious morbidity and mortality among infants in nutritionally stressed human populations  [  37  ] . 

 At birth, body fat accounts for ~16 % of body weight and during the  fi rst year of life the increase 
in body fat from about 0.7–2.8 kg is due to an increase in fat cell size rather than their number. 
Subcutaneous fat is greatest at about 9 months of life and, then, decreases until about 6 years, when it 
increases toward the pubertal spurt, at which time gender differences become apparent  [  38  ] . 

 The mechanisms by which maternal and fetal/neonatal weights are regulated during human preg-
nancy and in early postnatal life are still poorly understood. Results of recent studies in newborns 
highlight the important issue that adipocytokines may play a crucial role in controlling fetal energy 
homeostasis and affecting deposition of adipose tissue in the utero. Epidemiological studies have 
shown an association between a reduced size at birth and increased long-term risk for obesity, insulin 
resistance, type 2 diabetes, hypertension and cardiovascular disease in adulthood  [  39,   40  ] . In particu-
lar, the transition from a relatively low birth weight to larger postnatal body size is associated with an 
increased risk for insulin resistance  [  41  ] . On the contrary, from a neurodevelopmental point of view, 
catch-up growth is important in small for gestational age (SGA) infants. Nutritional intervention in 
this case is justi fi ed. However, there is debate about the protective effect of breast milk versus child-
hood obesity  [  42  ] ; it has been concluded that although a protective effect of breast milk remains 
plausible, the magnitude of the effect is quite small. 

 Despite several studies, it is dif fi cult to trace the pathway by which events may lead to increased 
morbidity later in life. As discussed above, babies born with low birth weight have decreased fat 
accumulation in adipocytes and lack muscle mass, a de fi ciency that persists into childhood and adult-
hood. Therefore, it has been suggested that low birth weight may affect muscle structure and function 
and impair carbohydrate metabolism. The subsequent catch-up growth promotes excess adiposity in 
relation to muscle mass, which in turn may result in insulin resistance by the adipose tissue. 
Additionally, regulation of leptin and adiponectin production is altered in SGA during the catch-up 
growth period, childhood and adulthood, suggesting a role for these adipocytokines in determining 
insulin resistance  [  43–  45  ] . Taken together, these observations support the concept of an alteration in 
adipose tissue during the period of fetal growth restriction extending to the postnatal period with long-
term functional consequences in adults. 

 However, studies on the expression of adipocytokines during fetal and neonatal life and their rela-
tion to growth are sometimes contradictory. High leptin levels are observed in women during gesta-
tion, in cord blood at term and in capillary blood shortly after birth. It has been hypothesized that high 
leptin levels at term could represent an important feedback indicator of nutrient supply. Then, leptin 
levels decline rapidly and dramatically after birth in healthy neonates. This may be important for the 
stimulation of feeding behavior and the acquisition of energy homeostasis in the neonate  [  46  ] . 
Furthermore, leptin levels in cord blood are both closely related to adiposity in the newborn and 
strongly predictive of subsequent rates of weight gain  [  47  ] . 

 Adiponectin, an insulin sensitizing hormone, changes inversely with acquisition of body fat. In fact, 
the leptin/adiponectin ratio correlates signi fi cantly with weight gain in mid-infancy, suggesting 
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that this ratio could be considered a marker related to infantile growth and later adiposity  [  48  ] . 
The adiponectin concentration in human cord blood is very high, which suggests a putative role in 
intrauterine fetal development, in particular a regulatory action on tissue differentiation, fetal growth 
and energy metabolism  [  49  ] . At birth adiponectinemia is still very high and this could re fl ect the new-
born’s body fat distribution, which is around 90 % in the subcutaneous compartment and only 4 % in 
the visceral, the inverse of that observed in the adult. 

 Furthermore, both leptin and adiponectin are present in breast milk suggesting that they may play 
a role in the early growth and development of breastfed infants  [  50  ] . 

 Other authors have shown that both birth weight and the immediate postnatal growth velocity are 
not related to leptin or adiponectin levels, but only to the effects of an IGF-I spurt  [  51,   52  ] . In our 
previous study, we found no signi fi cant difference in adiponectin levels between appropriate for ges-
tational age (AGA) and SGA infants at birth and during the  fi rst year of life, although SGA neonates 
weighed signi fi cantly less than AGA infants  [  53,   54  ] . These data were in accordance with other stud-
ies such as the one by Kamoda et al.  [  55  ] . In the same study, we found higher leptin levels in AGA 
neonates with respect to SGA infants at birth. On the contrary, at 1 year of age, SGA infants had leptin 
levels higher than AGA subjects, although the difference was not statistically signi fi cant. Since SGA 
infants show an increase in adipose tissue which is a typical phenomenon after a period of undernutri-
tion, we speculated that the increased levels of leptin may derive from this increased adipose tissue 
and may be involved in the early development of insulin resistance. 

 Finally, it has also been shown that high resistin levels at term gestation could be advantageous to 
the infant by promoting hepatic glucose production and preventing hypoglycemia after birth  [  56  ] .  

   Conclusions 

 We have described the role of adipose tissue and its secreted hormones in the development of neo-
nates. Increased visceral adipose tissue mass in neonates seems to be a primary mechanism in early-
life origins of obesity and metabolic disease after undernutrition or overnutrition during prenatal 
development. Adipose tissue-derived hormones such as leptin and adiponectin are deeply involved in 
the numerous functions of adipose tissue, from controlling energy homeostasis to interaction with the 
immune system. Recent evidence suggests a role for adipokines in the pathogenesis of metabolic 
syndrome, obesity and cardiovascular disease in childhood and adulthood. 

 A thorough understanding of the endocrine function of adipose tissue should enhance new 
approaches in the treatment of metabolic consequences due to excess or de fi cient adipose tissue.      
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 Key points 

    There is plausible evidence from both well-designed epidemiological and maternal supplementation • 
studies (during pregnancy and/or lactation) that support an important role for long-chain polyun-
saturated fatty acids (LCPUFAs), particularly docosahexaenoic acid (DHA), in the neurodevelop-
ment of infants and children.  
  The bene fi ts of DHA supplementation during pregnancy and lactation may persist till 7 years of age.  • 
  Recent consensus statements by expert panels including the Perinatal Lipid Metabolism • 
Organization (PeriLip), the Early Nutritional Programming Group (EARNEST), the European 
Food Safety Authority, and the Food and Agricultural Organization of the United Nations have 
recommended that pregnant and lactating women should aim to achieve an average dietary intake 
of at least 200 mg DHA/day.  
  Supplementation with LCPUFAs for more than 6 months increases the likelihood of observing • 
bene fi cial effects on cognitive function in infants.  
  A DHA concentration of 0.32 % of total fatty acids during the  fi rst year of life appears adequate to • 
improve cognitive function during infancy.  
  The majority of studies of preterm and term infants have demonstrated that arachidonic acid (ARA) • 
in a DHA-supplemented infant formula is critical for optimal growth. Up to 0.64 % of ARA of total 
fatty acids is generally recognized as safe and is routinely included in commercially available 
infant formulas in the United States and elsewhere.    
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   Introduction 

 The long-chain polyunsaturated fatty acids (LCPUFAs), docosahexaenoic acid (DHA, 22:6n-3) and 
arachidonic acid (ARA, 20:4n-6), are essential structural components of the central nervous system 
 [  1–  4  ] . DHA is of particular importance because it is speci fi cally concentrated in the structural mem-
brane lipids of the white and gray matter of the brain and the visual elements of the retina  [  1,   4  ] . The 
human brain undergoes rapid growth during the  fi rst 2 years of life  [  5  ]  during which there is a large 
concomitant accumulation of DHA  [  2  ] . Based on autopsy information, from the third trimester to 
about 2 years of age, there is a 12-fold increase in brain size. The increase in brain size is accompanied 
by an approximate fourfold increase in DHA and ARA concentrations in tissue  [  6  ] . 

 The amount of DHA in the brain is continually turned over, recycled, and replenished by uptake 
from plasma  [  7  ] . Estimates by Hadley et al.  [  8  ]  suggest that the amount of DHA accumulated daily in 
the brain of infants is ~1.45 mg while the daily turnover rate is ~3.75 mg of DHA. The dietary require-
ment to compensate for the accretion and turnover is estimated to be 5.2 mg/day of DHA (1.45+3.75 
mg/day)  [  8  ] . DHA is available from either preformed DHA or from the conversion of DHA from 
 a -linolenic acid (ALA). However, the conversion of ALA to DHA is very limited (< 1 %)  [  9–  11  ] . To 
maintain homeostasis of DHA (5.2 mg/day) in the brain, over 200 mg/day of dietary DHA is needed, 
assuming that only 1.7 % of preformed dietary DHA reaches the brain  [  12  ]  and the remainder is pro-
vided from the conversion of ALA to DHA  [  8  ] . Furthermore, the earlier an infant is born preterm, the 
lower the levels of DHA and ARA, putting optimal neurodevelopment at risk. 

 Neither DHA nor ARA can be formed de novo by mammalian cells  [  7  ] . Therefore, the infant needs 
an exogenous source or the adequate precursors ALA and linoleic acid (LA, 18:2n-6), respectively, in 
the diet. The most available source of DHA is  fi sh, especially fatty  fi sh, although food enriched with 
 fi sh oil or algal-DHA are also excellent sources. DHA and ARA are naturally found in human milk 
and are now included in almost all commercially available infant formulas. For the fetus, these fatty 
acids are derived from the mother by placental transfer and after birth by the infant diet (human milk 
or formula). There is a speci fi c transport mechanism for the placental transfer of DHA from the 
mother to the fetus  [  13  ] . The levels of DHA in human milk are greatly in fl uenced by the amount of 
DHA provided in the diet  [  7  ] . The amount of DHA in human milk is increased by increasing maternal 
intake  [  14  ] . Human milk concentrations of DHA vary widely and range from 0.17 to 0.99 wt.%, with 
the highest levels in Japanese milk and the lowest levels in Canadian and US samples  [  15  ] . However, 
only modest variations in ARA levels in human milk are observed (0.36–0.49 wt.%) across different 
populations  [  15  ] . 

 Supplementation with ALA during pregnancy does not increase DHA in maternal or infant blood 
lipids  [  16  ] . Similarly, during lactation, ALA supplementation has no measurable effect on the amount 
of DHA present in human milk  [  14  ] . Adding increasing amounts of ALA in infant formula also do not 
signi fi cantly raise the blood levels of DHA in formula-fed infants  [  17  ] . Thus, for both the preterm and 
term infants, preformed DHA is essential. 

 LA is the shorter chain precursor of ARA. By sharing the same enzymatic pathways as for the 
elongation and desaturation of ALA to eicosapentaenoic acid (EPA, 20:5n-3) and DHA, the n-6 fatty 
acid LA is converted into the LCPUFA ARA. As in the n-3 conversion, the n-6 conversion is inef fi cient. 
The relationship of n-6 and n-3 fatty acids is important both for the precursors and end products  [  18  ] . 
Most infant formula guidelines require the ratio of LA:ALA not to be less than 5 or greater than 15. 
In addition, when preformed DHA is added to infant formula, ARA must also be added at an amount 
which is equal to, or greater than, the level of DHA  [  19  ] . 

 Recent studies have shown that DHA status is in fl uenced not only by diet, but also by genetic vari-
ants, single nucleotide polymorphisms (SNPs) in the fatty acid desaturases ( FADS )  [  20,   21  ] .  FADS  and 
red blood cell fatty acid data from the Avon Longitudinal Study of Parents and Children indicate that, 
independent of dietary effects, polymorphisms in the desaturase encoding genes  FADS1  and  FADS2  
were positively associated with the precursor fatty acids LA and ALA and negatively associated with 
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DHA and ARA  [  21  ] . Similar but weaker associations were shown for the  FADS3  gene  [  21  ] . These data 
con fi rm previously reported  fi ndings from smaller studies that suggest a decline in desaturase expres-
sion for the production of DHA and ARA  [  22,   23  ] . However, the genetically explained variability of 
red blood cell DHA and ARA levels were very low (0.51 % and 1.13 %, respectively)  [  21  ] . Further, 
the effect of  FADS  genetic variants on LCPUFA metabolism, speci fi cally ARA, appears to vary at the 
population level. Compared with European Americans, African Americans have signi fi cantly higher 
circulating levels of plasma ARA and lower levels of dihomo-gamma-linolenic acid. A larger propor-
tion of African Americans carry the genotype associated with increased  FADS1  enzymatic conversion 
of dihomo-gamma-linolenic to ARA  [  24  ] . The extent to which levels of DHA, ARA, and other fatty 
acids are affected by FADS genotypes needs further study. 

 In a recent meta-analysis of four clinical trials including data for preterm and term infants, LCPUFA 
supplementation had no effect on Bayley Developmental scores at 18 months of age.  [  25  ]  However, 
in a systematic review of over 20 randomized clinical trials (RCTs) involving term infants who 
received DHA and ARA supplemented formula or a control formula, Hoffman and his colleagues  [  26  ]  
noted that differing levels of DHA greatly in fl uenced outcomes related to cognition and visual acuity. 
Clinical trials that considered infant formulas containing levels of DHA close to the worldwide human 
milk mean of 0.32 % of total fatty acids were more likely to yield positive results  [  26  ] . There was also 
some evidence to suggest that an ARA:DHA ratio greater than 1:1 was associated with improved 
cognitive outcomes  [  26  ] . In a meta-analysis of preterm infants fed a DHA-containing formula vs. a 
DHA-free formula, those fed DHA had signi fi cantly better visual acuity at 2 and 4 months of age  [  27  ] . 
Meta-analyses are sometimes dif fi cult to interpret because they typically cannot correct for different 
outcomes, doses, length of exposure, or different patient populations. As a result, important outcomes 
from individual studies are obscured. 

 Since the publication of the review by Hoffman et al.  [  26  ] , several epidemiological and interven-
tion studies have appeared in the literature. Additional research has focused on the effects that 
LCPUFA supplementation during pregnancy and lactation has on neurodevelopment and visual func-
tion of infants and children. The long-term effects of LCPUFA supplementation during infancy on 
several health outcomes have also been recently published. In this chapter, we evaluate the recent 
evidence of the role that fatty acids, speci fi cally DHA and ARA, play in the neurological development 
(visual, cognitive, motor function) of preterm and term infants.  

   Epidemiological Studies of LCPUFA Intake During Pregnancy and Infancy 

 The epidemiological studies of LCPUFA intake during pregnancy and infancy are listed in Table  26.1 . 
Bakker et al.  [  28  ]  considered the relationship between motor function (Maastricht Motor Test, MMT) 
at age 7 ( n  = 306) and LCPUFA levels (DHA and ARA) in umbilical venous plasma phospholipids at 
birth and in plasma phospholipids at 7 years of age. There was a signi fi cant, positive relationship 
between umbilical plasma DHA levels and the MMT score (both total and quality score) at 7 years of 
age. The investigators concluded that prenatal DHA availability, which is in fl uenced by maternal diet 
during pregnancy, can have a positive effect on the quality of motor function later in life.  

 Using data from a food frequency questionnaire administered shortly after delivery, the relationship 
between seafood intake during pregnancy and child neurodevelopment (McCarthy Scales of Children’s 
Abilities, MCSA) at 4 years of age was evaluated  [  29  ] . Shell fi sh and squid were analyzed separately 
from  fi sh because these types of seafood typically have lower levels of DHA  [  30  ] . Among children 
( n  = 392) who were breastfed for <6 months, maternal  fi sh intake of >2–3 times/week was associated 
with signi fi cantly higher scores on several MCSA subscales at 4 years of age compared with maternal 
 fi sh intakes of  £ 1 time/week. There was no association observed among children who were breastfed 
for a longer period ( ³  6 months). Maternal intakes of shell fi sh and squid were inversely related to 
several MCSA subscales regardless of the breastfeeding duration. The lack of an association among 
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children breastfed for  ³ 6 months was attributed to a ceiling effect because DHA in human milk was 
provided for a longer period of time. The negative associations observed with shell fi sh and squid were 
probably related to the effects of methyl mercury contamination reported in these types of seafood. 

 In a small follow-up study conducted in Japan, 18 of 38 very-low-birth-weight infants (<1,200 g) 
who were enrolled were classi fi ed into groups that were breastfed ( n  = 10) or formula-fed (with or 
without human milk,  n  = 8)  [  31  ] . The duration of breastfeeding in the breastfed group was 72 ± 45 days 
whereas the duration of breastfeeding in the formula group was 59 ± 32 days. DHA concentration in the 
red blood cells was measured at 4 weeks of age. Cognitive function at the age of 5 years was evaluated 
using  fi ve tests: the Kaufman Assessment Battery for Children, Day-Night Test, Kansas Re fl ection 
Impulsivity Scale for Preschoolers (KRISP), Motor Planning Test, and Strengths and Dif fi culties 
Questionnaire. The concentration of DHA in red blood cells was signi fi cantly higher in the breastfed 
infants compared with the formula-fed infants (4.1 % vs. 2.7 %, respectively). The scores for the Day-
Night Test, KRISP, and Motor Planning Test were signi fi cantly higher in the breastfed group. There 
were also signi fi cant correlations between the levels of DHA concentration at 4 weeks of age and 
scores on the Day-Night Test and KRISP tests. Despite the small sample size, the authors concluded 
that DHA supplied by breastfeeding in early infancy among very-low-birth-infants had a positive effect 
on their neurodevelopment, especially aspects of executive function at 5 years of age. 

 Infant feeding data from the Southampton Women’s Survey were used to investigate the relation-
ship between breastfeeding, LCPUFA-forti fi ed formula and unforti fi ed formula feeding, and neurop-
sychological function in 4-year-old children ( n  = 241)  [  32  ] . A milk feeding history was obtained at 
birth and at 6 months of age. There were 130 children in the breastfed group (54%), 65 in the forti fi ed-
formula group (27 %), and 46 in the unforti fi ed-formula group (19 %). At 6 months of age, the esti-
mated DHA intake in the three groups was 12.1, 13.0, and 2.1 g, respectively. After adjusting for 
several demographic characteristics (maternal age, parity, education, occupational social class), at 4 
years of age, there were no differences in IQ scores between the breastfed and forti fi ed-formula groups, 
but there was a signi fi cant difference in IQ scores between the forti fi ed-formula and unforti fi ed-formula 
groups. However, there was no evidence for any correlations associated with the estimated intake of 
DHA and IQ scores. This  fi nding may re fl ect inaccuracies in the estimation of DHA intake or that the 
IQ advantage was related to confounding factors that were not measured (e.g., home environment). 

 Data from an observational study of infant feeding practices from the Pregnancy, Infection, and 
Nutrition Study ( n  = 358) were used to examine LCPUFA concentration of human milk and infant 
formulas fed during the  fi rst 4 months of life in relation to cognitive development at 12 months of age 
(Mullen Developmental Assessment)  [  33  ] . The results indicated that exclusive breastfeeding and DHA 
content of human milk or infant formula were not associated with improved infant development. These 
 fi ndings were not unexpected considering the weaknesses of the study design. Firstly, there was no 
control group. Only a few infants ( n  = 3) were fed formulas without DHA and ARA for all 4 months. 
Secondly, the sample size of the reference group (exclusively formula fed) used for comparison (vs. 
exclusively or almost exclusively breastfed and partially breastfed infants) was small ( n  = 39) and sta-
tistically underpowered. Thirdly, the ranges of DHA and ARA concentrations in human milk and 
infant formula were wide compared to those used in most previously published infant formula trials 
 [  33  ]  and the levels overlapped between the feeding groups. The reported levels of DHA and ARA in 
human milk ranged from 0.07 % to 1.49 % and 0.05–1.52 % of total fatty acids, respectively. The 
LCPUFA concentration of formulas ranged from 0.30 % to 0.37 % for DHA and from 0.50 % to 
0.67 % for ARA. Fourthly, an assessment of the concentration of DHA and ARA in table foods pro-
vided to infants from 4 months to 12 months of age was not conducted. Finally, the Mullen Developmental 
Assessment may not be the best test to detect subtle mental and motor developmental bene fi ts related 
to LCPUFA  [  33  ] . Previous studies that have reported positive associations between LCPUFAs and 
infant neurodevelopment have typically used the Bayley Scales of Infant Development  [  26  ] . 

 In an analysis of eight RCTs, conducted prior to 2005, that compared children who received 
LCPUFA supplemented infant formula (7 studies) or maternal dietary supplementation (1 study) vs. 
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controls, Cohen et al.  [  34  ]  estimated that every 100 mg/day of DHA increased the child’s IQ by 0.13 
points. While the increase in IQ seems small, at the population level, the impact on public health could 
be signi fi cant. 

 Fish consumption, considered a surrogate for omega-3 fatty acid consumption, was associated 
with cognitive outcomes (Denver Developmental Screening Test, Strengths and Dif fi culties 
Questionnaire, IQ) in the Avon Longitudinal Study of Parents and Children Study (ALSPAC) of 
11,875 pregnant women  [  35  ] . Children from mothers with no seafood consumption were at greatest 
risk of adverse or suboptimal outcomes. Greater maternal intake of omega-3 fatty acids was associ-
ated with a lower risk of sub-optimal verbal IQ. Overall, consumption of more than 340 g seafood per 
week was bene fi cial for the child’s neurodevelopment. 

 The relationship between maternal DHA and iron status at 28–32 weeks of gestation and infant 
cognitive performance (Brunet-Lézine Scale of Psychomotor Development of Early Childhood and 
the Bayley Scales of Infant Development) at 6 months of age was evaluated in a small group of 
Canadian infants ( n  = 63) born to mothers with a privileged socioeconomic background  [  36  ] . A 
signi fi cant association between pregnant women’s iron and DHA status and their infant’s cognitive 
performance was not observed. The majority of infants was exclusively breastfed at birth (81 %), and 
slightly less than half (41 %) were exclusively breastfed at 4 months of age. Among infants, the 
majority was fed an iron-forti fi ed formula and nearly 50 % were fed a formula containing LCPUFAs 
 [  36  ] . Only a small percentage of pregnant women had iron-de fi ciency anemia (3.2 %) or anemia 
(9.5 %) and the mean levels of DHA in plasma and erythrocytes were adequate (2.13 ± 0.5 and 
4.31 ± 1.98, respectively). The lack of signi fi cant association between pregnant women’s iron and 
DHA status and their infant’s cognitive performance was probably related to the fact that most infants 
received adequate amounts of DHA by placental transfer or from their diet. Identifying subtle differ-
ences in cognitive development is challenging in well-designed clinical trials with large sample sizes 
 [  37  ] . In studies with small samples sizes, particularly those that consider infants from a privileged 
socioeconomic background, a ceiling effect of neurocognitive development may be reached in which 
the majority of infants have achieved their genetic potential for optimal cognitive development. Well-
designed and properly statistically powered studies among underprivileged infants would increase the 
likelihood of detecting signi fi cant relationships between LCPUFA supplementation and infant 
neurodevelopment.  

   Studies of LCPUFA Supplementation During Pregnancy and/or Lactation 
and Neurodevelopment in Children 

 A systematic review of 13 RCTs considered the effects that LCPUFA supplementation during preg-
nancy and/or lactation had on neurodevelopment and visual function of children  [  38  ] . All studies in 
the review were published prior to 2008 and are not considered in the present chapter. Dziechciarz 
et al.  [  38  ]  reported that many of the studies had important methodological limitations such as the 
failure to indicate whether the study was blinded or whether incomplete outcome data were adequately 
addressed. According to the authors, evidence from the 13 studies did not demonstrate a clear and 
consistent bene fi t of n-3 LCPUFA supplementation during pregnancy and/or lactation on child neu-
rodevelopment and visual acuity. However, with respect to supplementation during pregnancy, one 
study showed signi fi cantly better eye and hand coordination at 30 months of age  [  39  ]  and another 
demonstrated a n-3 LCPUFA bene fi t on problem solving  [  40  ] . Considering supplementation during 
lactation, one study showed signi fi cant improvement on the Bayley Psychomotor Development Index 
at 30 months of age  [  41  ] . 

 We consider one study that evaluated maternal LCPUFA supplementation during pregnancy 
and/or lactation and neurocognitive development of infants at 18 months of age  [  42  ]  (Table  26.2 ). 
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Four studies involving LCPUFA supplementation during pregnancy and/or lactation were follow-up 
studies. These studies followed a cohort of children up to 3–7 years since the initial LCPUFA supple-
mentation (Table  26.2 ).  

 A double-blind, multicenter, randomized control trial (DHA to Optimize Mother Infant Outcome, 
DOMinO) considered 2,399 women from  fi ve Australian maternity hospitals who were provided 
800 mg/day of DHA and 100 mg/day of EPA starting at 21 weeks of gestation until delivery  [  42  ] . The 
main objective of the study was to determine whether DHA supplementation during pregnancy 
decreased symptoms of postpartum depression. In addition, 694 children were evaluated at 18 months 
using the Bayley Scales of Infant and Toddler Development (BSID-III). Compared to placebo, while 
the trend was favorable toward the DHA group, supplementation with DHA did not signi fi cantly 
lower the levels of postpartum depression. Further, mean cognitive and mean language composite 
scores did not differ between treatment groups, but fewer children in the DHA group had delayed 
cognitive development compared with those in the control group. However, girls in the DHA treat-
ment group had lower language scores and were more likely to show delayed language development 
than those in the control group. Notably, there were fewer very preterm births (<34 weeks of gesta-
tion) in the DHA group compared with the control group. Women in the DHA group also had heavier 
infants and fewer infant admissions to the neonatal intensive care unit. Unfortunately, the authors did 
not report food intake of infants after birth making it dif fi cult to determine the amount of DHA pro-
vided from human milk or infant formula. As a result, any potential differences in cognitive perfor-
mance between groups due to the initial study treatment may have diminished over time. In an 
accompanying editorial, Oken and Belfort  [  43  ]  noted that improved DHA status may reduce the risk 
for preterm birth and may have bene fi ts not reported in the study. Pregnant women should continue to 
include DHA in their diet and receive the recommended intake of 200 mg of DHA/day  [  43  ] . 

 In a follow-up study of infants who were enrolled in the DHA for the Improvement in 
Neurodevelopmental Outcome (DINO) trial  [  44  ] , Smithers et al.  [  45  ]  evaluated whether administer-
ing preterm infants human milk with a high DHA content would in fl uence language and behavior at 
26 months and 3–5 years. The DINO trial included infants born <33 weeks gestation fed human milk 
containing 1 % of total fatty acids as DHA (high DHA-group,  n  = 322) or 0.3% DHA (control group, 
 n  = 335). Lactating mothers assigned to the high-DHA group were administered 900 mg of DHA from 
DHA-rich tuna oil capsules per day or a placebo. Mothers whose infants were allocated to the control 
group were given six 500 mg placebo soy oil capsules that did not change the fat content of their milk. 
The initial results at 18 months of age, based on data from the Bayley Mental Development Index 
(MDI), indicated that the MDI score among girls fed the high-DHA milk was higher than that in the 
control group. Post hoc analysis indicated that fewer infants in the high-DHA group had signi fi cantly 
delayed mental development compared with the control. Results from the follow-up study ( n  = 143) 
did not indicate any differences between groups on scores for language development or behavior at 
26 months and 3–5 years of age  [  45  ] . The authors speculated that it may be more dif fi cult to detect 
differences in development in childhood when a control group is used that provides an adequate 
amount of DHA. Most other trials that have considered the effects of DHA supplementation during 
pregnancy and/or lactation have used infant formulas without DHA as a control. 

 Healthy pregnant women from Spain, Germany, and Hungary were randomly assigned to receive 
either  fi sh oil (FO, 500 mg/day DHA + 150 mg/day EPA,  n  = 43), 5-methyltetrahydrofolate (MTHF, 
400  m g/day,  n  = 40), both (FO+MTHF,  n  = 37), or placebo ( n  = 47) from week 20 of gestation until 
delivery  [  46  ] . LCPUFA levels in plasma and erythrocyte phospholipids were measured in maternal 
blood at 20 and 30 weeks of gestation and in cord blood at delivery. Neurodevelopment was evaluated 
using the Hempel examination at 4 years of age and the Touwen examination at 5.5 years of age. 
Neurological  fi ndings were also summarized with the neurological optimality score (NOS) by assess-
ing performance on 56 items of the neurological examination. Full-term, healthy infants were included 
in the study. Women were encouraged to breastfeed, but when formula was used it contained 0.5 % of 
total fatty acids as DHA and 0.4 % as ARA. Infants in the placebo or MTHF groups received formula 
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free of DHA and ARA. The results indicated that the odds of children with the maximal NOS increased 
with every unit increment in cord blood level of DHA at delivery. The investigators concluded that 
higher levels of DHA in fetal and maternal blood were associated with better neurodevelopment per-
formance of children at 5.5 years of age. 

 Jensen et al.  [  41  ]  reported that formerly breastfed children whose mothers received DHA supple-
mentation of 200 mg/day for 4 months postpartum had a signi fi cantly higher mean score on the Bayley 
Psychomotor Developmental Index at 30 months of age than children whose mothers received a pla-
cebo. In a follow-up study at 5 years of age, measures of gross and  fi ne motor function, perceptual/
visual motor function, attention, executive function, verbal skills, and visual function were evaluated 
 [  47  ] . The results indicated that children whose mothers received DHA ( n  = 60) compared with placebo 
( n  = 59) performed signi fi cantly better on the Sustained Attention Subscale of the Leiter International 
Performance Test, but no statistically signi fi cant differences between groups were observed on the 
other neuropsychological tests. The authors concluded that DHA supplementation during pregnancy 
and early infancy with an adequate amount of DHA may confer long-term neurodevelopmental 
advantages. 

 Finally, Danish mothers with low  fi sh intake (below the population median:  fi sh intake of 12.3 ± 8.2 
g/day and less than 0.4 g/day of n-3 PUFA) were randomly assigned to a  fi sh oil supplementation 
group (620 mg EPA, 790 mg DHA,  n  = 36) or placebo ( n  = 28)  [  48  ] . Women in the highest quartile of 
the population for  fi sh intake ( fi sh intake of 55.2 ± 26.7 g/day or 0.82 g/day of n-3 PUFA) served as a 
high  fi sh intake reference group ( n  = 34). Nine-month-old children who participated in a previous 
study were invited to participate in a 7-year follow-up study  [  49  ] . The initial study at 9 months of age 
used The Infant Planning Test to assess means-end problem solving ability. For the 7-year follow-up 
study ( n  = 98), neurodevelopment was evaluated using measures of processing speed, the Stroop Test, 
and Strength and Dif fi culties Questionnaires. No differences were found between groups on the 
means-end task at 9 months of age and no treatment effect was evident for the neurodevelopmental 
scores at 7 years of age. To explain the lack of statistically signi fi cant  fi ndings, the authors noted that 
the sample size was probably too small to detect the small effect. Further, the population considered 
is atypical with respect to  fi sh consumption. Danish people have a relatively high intake of n-3 
LCPUFA compared to those considered in other studies that investigated the relationship between 
maternal LCPUFA supplementation and cognitive functions in infants and/or children  [  48  ] .  

   Intervention Studies of LCPUFA Supplementation and Neurodevelopment 
Outcomes in Infants 

 The interventional studies of LCPUFA supplementation and neurodevelopmental outcomes in pre-
term and term infants are listed in Table  26.3 . Two analyses were found in the literature that consid-
ered the effect of supplementing human milk with LCPUFA on cognitive development in 
low-birth-weight infants  [  50,   51  ] . One study evaluated variations in heart rate (HR) measures during 
the  fi rst half year of life in healthy term infants who were either breastfed or fed formula with or with-
out DHA  [  52  ] . This study provided neurodevelopmental data based on Bayley Mental and Motor 
Scales and Auditory Comprehension and Expressive Communication Scales to evaluate language 
development. Two other studies considered neurodevelopmental outcomes following LCPUFA sup-
plementation of infant formula  [  53,   54  ] .  

 In a randomized, double-blind, placebo-controlled study among very-low-birth-weight infants 
(<1,500 g), 32 mg of DHA and 31 mg of ARA was added to 100 mL of human milk starting at one 
week after birth ( n  = 68) until discharge from the hospital (~9 weeks)  [  50  ] . The control group received 
human milk without DHA and ARA ( n  = 73). The added DHA and ARA oil was sonicated into human 
milk and given to the infants by gavage. Cognitive development was assessed at 6 months of age using 
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the Ages and Stages Questionnaire (ASQ) and event-related potentials, electrophysiological recordings 
related to recognition memory. There were no differences in the number of adverse events or growth 
between the two treatment groups. The LCPUFA group performed signi fi cantly better on the problem-
solving subset of the ASQ compared with the control. Additionally, compared with the control group, 
the LCPUFA group had better recognition memory based on the event-related potential data; these 
infants discriminated better between familiar and unfamiliar objects. 

 The same cohort of infants included in the study conducted by Henriksen et al.  [  50  ]  (see above) 
was followed to 20 months of age  [  51  ] . Some loss due to follow-up contributed to fewer infants in the 
trial ( n  = 44 in the LCPUFA group and 48 in the control group). Attention capacity was evaluated by 
two “free-play” sessions. General cognitive functions were assessed by the Bayley Mental Development 
Index (MDI) and the ASQ. Results indicated that LCPUFA supplementation had a positive effect on 
functions related to attention. No signi fi cant differences were observed between the two groups on the 
MDI and ASQ. However, plasma DHA levels at discharge correlated positively with “Sustained 
Attention” in the free-play sessions and the MDI. The investigators noted that neuro-regulatory dys-
functions at this early age, especially those related to attention, may be associated with later develop-
mental process problems. LCPUFA supplementation appears to enhance development of the executive 
part of the infant’s brain  [  51  ] . However, further studies are needed to determine the long-term effects 
of LCPUFA on sustained attention. 

 In a small study to investigate variations in resting HR during the  fi rst 6 months of life, full-term 
infants were either breastfed ( n  = 31) or fed a commercially available formula with DHA and ARA 
(milk-based,  n  = 29; soy-based,  n  = 30) or without DHA and ARA (soy-based,  n  = 12)  [  52  ] . Most of the 
infants (72 %) were fed formula with higher concentrations of DHA and ARA (DHA: 0.32 %, ARA: 
0.64 % vs. DHA: 0.15 %, ARA: 0.40%). Infants remained on the selected feeding through 12 months 
of age. Secondary neurodevelopment outcome measures included results from the Bayley Mental and 
Motor Scales and Auditory Comprehension and Expressive Communication Scales to evaluate lan-
guage development. There was no treatment effect on measures of neurodevelopment and language 
acquisition. All groups showed developmental progression throughout the study period. This study 
did not con fi rm the previous reports of slow HR in breastfed infants relative to those who were for-
mula-fed  [  55  ] . However, infants fed the diet without DHA and ARA had a higher HR and lower val-
ues for HR variability than those observed in the other treatment groups. The investigators suggested 
that this cardiovascular-related  fi nding indicates reduced parasympathetic tone in infants in the for-
mula group without DHA and ARA. Infants with higher levels of parasympathetic activities typically 
show increased sustained attention and processed information more quickly  [  56  ] . Although infants 
fed the diet without DHA and ARA had a higher HR and lower values for HR variability than those 
observed in the other treatment groups, they scored in the normal range on measures of neurodevelop-
ment and language acquisition. The small sample size and the fact that the volume of human milk 
consumed was not measured were limitations of the study and made it more dif fi cult to detect treat-
ment effects. 

 In a double-blind, randomized controlled trial, healthy, term infants were fed standard formula 
without LCPUFAs (control group,  n  = 169) or a LCPUFA-supplemented formula ( n  = 146)  [  53,   57, 
  58  ] . A breastfed group ( n  = 159) served as a reference. The LCPUFA-forti fi ed formula contained 
0.30 % by weight of DHA and 0.45 % by weight of ARA. The duration of supplementation was 2 
months. In the initial study, neurodevelopment was assessed at 3 months (quality of general move-
ments, GMs) and at 18 months of age (Hemple Examination and Bayley Scales)  [  57,   58  ] . At 3 months 
of age, infants in the control group had signi fi cantly more mildly abnormal GMs than did infants in 
the LCPUFA-supplemented group or breastfed group  [  57  ] . At 18 months of age, scores of neurode-
velopment were not signi fi cantly different between groups  [  58  ] . A follow-up study was conducted 
when children were 9 years of age using the Touwen Examination which provided a NOS (see above) 
 [  53  ] . The NOS did not differ between formula groups, but children who were breastfed showed 
signi fi cantly fewer signs of  fi ne manipulative dysfunction than those fed formula. The authors pointed 
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out that a major limitation of the follow-up study was its attrition. Over the 9-year period, the attrition 
rate was 28 %. There was a selective loss of boys and children with worse cognitive development at 
18 months in the LCPUFA-supplemented group. The selected attrition probably diminished the abil-
ity to detect any potential bene fi ts of LCPUFA supplementation. 

 Finally, in a randomized, controlled clinical trial with multiple dietary levels of DHA (Control: 
0 %; 0.32 %; 0.64 %; or 0.96 %) full-term infants ( n  = 181) were enrolled at 1–9 days of age and fed 
the assigned formulas until 12 months of age  [  54  ] . All formulas contained 0.64 % of ARA. Cognitive 
function was evaluated in 131 children at 18 months of age using the Bayley Scales of Infant 
Development. Results indicated no diet group differences on the Bayley Scales, but when the scores 
of children who received the DHA-forti fi ed formulas were combined and compared to the control, 
children in the DHA-forti fi ed group had a signi fi cantly higher score on the Mental Development 
Index (MDI) (104 vs. 98,  p  < 0.02). The authors concluded that DHA concentration of at least 0.32 % 
in infant formula confers enhanced neurocognitive bene fi ts at 18 months.  

   Discussion and Conclusions 

 There is plausible evidence from both well-designed epidemiological and maternal supplementation 
studies (during pregnancy and/or lactation) that supports an important role for LCPUFAs, particularly 
DHA, in the neurodevelopment of infants and children. Some of these studies have demonstrated 
bene fi ts that persist to 7 years of age. It appears that DHA supplementation initiated early in life either 
through placental transfer or during infant feeding (breastfeeding or infant formula forti fi ed with 
LCPUFAs) provides long-term neurocognitive bene fi ts. This may be especially important for infants 
born prematurely. 

 One of the intervention studies of very-low-birth-weight infants  [  50,   51  ]  used a novel technique to 
add DHA and ARA to human milk. The added LCPUFA oil was sonicated into human milk and given 
to infants by gavage. The sonication method facilitated dispersal of the oil into human milk thereby 
enhancing its bioavailability. The intervention studies conducted by Henriksen et al.  [  50  ] , Westerberg 
et al.  [  51  ] , and Drover et al.  [  54  ]  also supported the hypothesis that DHA and ARA have speci fi c func-
tions related to memory and problem-solving  [  59  ] . Using tests such as the Events Related Potentials 
that measures recognition memory  [  50  ]  or the Bayley Motor Development Index that evaluates mem-
ory, problem solving, discrimination, and language skills indicate that the choice of endpoint measure-
ments is crucial to identify clinically relevant  fi ndings related to LCPUFA supplementation. An 
important advantage of using tests that measure recognition memory is that they are stronger predictors 
of later IQ than other traditional tests used to evaluate different domains of neurodevelopment  [  60  ] . 

 The reasons that some studies failed to show a statistically signi fi cant association between LCPUFA 
intake and better neurodevelopmental performance may have been related to limitations of study design. 
In the present review, many studies included small samples sizes that diminished the statistical power 
needed to detect differences between treatment groups  [  33,   48,   52  ] . Other studies were limited due to the 
lack of an adequate control  [  45  ] , large attrition rates through time  [  53  ] , and a ceiling effect  [  29,   36  ] . 

 Recent consensus statements by expert panels including the Perinatal Lipid Metabolism 
Organization (PeriLip)  [  61  ] , the Early Nutritional Programming Group (EARNEST)  [  61  ] , the 
European Food Safety Authority  [  62  ] , and the Food and Agricultural Organization of the United 
Nations  [  63  ]  have recommended that pregnant and lactating women should aim to achieve an average 
dietary intake of at least 200 mg DHA/day. As discussed in these consensus reports, intakes of up to 
1 g/day of DHA or 2.7 g/day of n-3 PUFA have been used in RCTs without signi fi cant adverse effects. 
Women of childbearing age should aim to consume one or two portions of sea  fi sh per week, including 
oily  fi sh. The expert panels indicate that the precursor of DHA, ALA, is far less effective in providing 
DHA than preformed DHA. 
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 Presently, it is unclear whether a certain level or threshold of LCPUFA supplementation must be 
reached before a statistically signi fi cant, positive effect on neurocognitive development in infancy 
and childhood can be detected. It is also dif fi cult to reach consensus on the duration of supplementa-
tion in infancy that is necessary to produce a cognitive change. Drover et al.  [  54  ]  indicated that sup-
plementation with LCPUFA for more than 6 months increases the likelihood of observing bene fi cial 
effects on cognitive function in infants. A DHA concentration of 0.32 % of total fatty acids during the 
 fi rst year of life appears adequate to improve cognitive function during infancy  [  54  ] . With respect to 
ARA levels, no study to date has investigated the effects that ARA supplementation alone has on 
neurocognitive development. Although one study of preterm infants demonstrated that a DHA-
supplemented formula without ARA resulted in higher MDI scores and improved visual attention 
compared to a control group fed traditional formula  [  64  ]  another study  [  65  ]  reported that using an 
infant formula with DHA alone had a negative effect on growth and body composition (fat-free mass) 
in low-birth-weight infants. The majority of studies of preterm and term infants have demonstrated 
that ARA in a DHA-supplemented infant formula is critical for growth  [  66–  69  ] . Up to 0.64% of ARA 
of total fatty acids is generally recognized as safe and is routinely included in commercially available 
infant formulas in the United States and elsewhere. 

 The type of DHA used may also affect neurocognitive function in infants and childhood. In the 
United States, the majority of studies that have considered both neurocognitive function and growth 
and development have used infant formulas for preterm and term infants that contain DHA obtained 
from single cell microalgae. Outside the United States, DHA from  fi sh oil  [  42,   44  ]  or eggs  [  70,   71  ]  
have been considered. This is noteworthy because only DHA from single cell microalgae has been 
shown to enhance neurodevelopment in both preterm  [  50,   51,   72  ]  and term infants  [  54,   73  ] . The 
source of the oil may be important because it also positively affects growth. Clandinin et al.  [  72  ]  have 
shown that in a study of preterm infants ( n  = 361) both body weight at 118 weeks of age and length at 
79 or 92 weeks of age were greater in preterm infants fed a formula containing DHA from microalgae 
compared with those fed DHA from tuna oil. Additionally, for both weight and length, there were no 
differences between breastfed infants and those fed DHA from microalgae. The possibility that DHA 
derived from microalgae or from  fi sh oil may have differing effects on cognitive development is 
dif fi cult to determine; the effects also might be tissue speci fi c  [  54  ] . Infant formulas currently mar-
keted in the United States are virtually EPA-free, while a number of formulas available outside the 
United States contain EPA where  fi sh oil is used as the source of DHA. Based on  fi ndings from a 
number of RCTs in infants fed formulas supplemented with  fi sh oils, the European experts and author-
ities  [  19,   74,   75  ]  have recommended that the EPA content be limited to no more than the DHA con-
tent. The safety pro fi le of LCPUFA supplements added to infant formulas has been extensively studied 
over the years since their introduction and, to date, no pattern suggesting a safety concern has been 
identi fi ed. The Pediatric Nutrition Handbook  [  76  ]  of the American Academy of Pediatrics acknowl-
edges that the LCPUFA additives “are safe.” 

 Maternal nutrition plays a critical role in in fl uencing fetal growth and birth outcomes  [  77  ] . It repre-
sents a modi fi able risk factor of great public health importance in the effort to promote optimal birth 
outcomes and infant growth and development. The epidemiological, supplementation, and intervention 
studies considered in the present review have generally shown promising, positive effects of LCPUFA 
supplementation on neurocognitive development in infants. Some of these neurocognitive bene fi ts 
persist into early childhood. While RCTs provide the best evidence of causal relationships, some often 
have design  fl aws that limit the likelihood of detecting a signi fi cant effect. All RCTs, when practical, 
should include a suitable control group and adequate statistical power to detect subtle effects of cogni-
tive changes in subjects who are generally healthy at the time of enrollment. To increase the likelihood 
of observing a signi fi cant association between LCPUFA supplementation and a cognitive outcome, it 
may be necessary to consider subjects with poor nutritional status or those with initially poorer 
neurocognitive status who can most bene fi t from LCPUFA supplementation. Efforts that promote good 
maternal and infant nutrition should continue in order to achieve optimal nutritional health.      
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      Key Points 

       There is no clear diagnostic cut off or de fi nition of obesity in infants and young children leading to • 
differences in estimates of prevalence.  
      The risk to future health of obesity in infancy and young children is not yet completely clear. • 
However optimizing factors likely to prevent obesity and bene fi t of other aspects of health is to be 
recommended from early life.  
      Speci fi c treatment of obesity in infants and young comprises dietary and lifestyle advice. • 
Appropriate public health measures could further in fl uence such strategies.      

  Keywords   Obesity  •  Body weight  •  Body mass index  •  Infant obesity  •  Childhood obesity  

 There is no de fi nitive de fi nition of obesity for us in infants and young children. It can be de fi ned in 
terms of body mass index but lack of standardization of the cut-offs used has lead to differences in 
terminology and variations in prevalence. 
 The majority of obesity in infants and children is primary, caused by a calori fi c intake greater than 
expenditure, although rare secondary causes exist. Adverse effects of obesity have been documented in 
children and obesity in early life increases the likelihood of clustering of cardiovascular risk factors. 

 Many adults are obese as children but the tracking of obesity from very early life is less clear so 
the usefulness of early screening programs is not de fi nitively proven. A preventative strategy to opti-
mize factors likely to minimize obesity and promote health from very early life is appropriate. 
Treatment of obesity in young children involves mainly dietary and lifestyle measures. Public health 
measures could also be used to alter food supply trends and moderate lifestyle factors and so in fl uence 
the balance of calori fi c intake and expenditure 

    Chapter 27   
 Obesity in Infancy and Childhood: 
Diagnosis, Incidence and Strategy for Change       

      Ruth   M.   Ayling          
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   De fi nition and Diagnosis 

 Obesity is an excess of body fat but no diagnostic cut off or de fi nition exists for use in infants and 
young children. Mean body fat percentiles of how developmental changes have been derived from 
bioelectrical impedance analysis and exist for US children aged >12 years  [  1  ]  and percentile curves 
are available for UK children aged 5–18 years  [  2  ] . However, it is dif fi cult to measure body fat easily 
and with reasonable accuracy or precision and an alternative de fi nition is required for ease of use in 
clinical and epidemiological settings. 

 Obesity tends to be more commonly described in terms of the body mass index (BMI) which is 
calculated as weight (in kg)/[height (in m)] 2 . BMI does not measure body fat directly but correlates 
with direct measurements of body fat, for example, by underwater weighing and in adults is related to 
health outcomes. In adults a BMI of 25–29.9 is de fi ned as overweight and  ³ 30 as obese  [  3  ] . BMI 
changes with age and differs with gender. BMI tends to be similar in males and females during child-
hood but is higher amongst females in adolescence. BMI increases from birth to around 1 year then 
declines until around age six, with a subsequent increase throughout childhood and adolescence. BMI 
re fl ects both fat and fat-free components of body weight and populations differ in their percentage fat 
mass and its distribution. BMI values obtained should therefore always be interpreted using centile 
charts that describe population reference data or by calculation of a Z score or SD score relative to this 
data. However, as BMI does not measure fat directly there has been variation in the cut-offs used to 
de fi ne obesity in infants and children. 

 In UK the 1990 growth charts in standard use are based on data from 1978 to 1990, from birth to 
23 years involving 30,000 individuals. Their authors suggested the 98th percentile (equivalent to a 
BMI of 29 at age 20 years) and 99.6th percentile (equivalent to a BMI of 29) as reasonable de fi nitions 
of obesity and super obesity  [  4  ] . However, epidemiological studies tend to use the 85th percentile as 
a cut-off for overweight and the 95th for obesity  [  5  ] . 

 In US growth charts have been produced since 1971 based on the National Health and Nutrition 
Examination Surveys (NHANES), although the most recent US charts were produced by the Centers 
for Disease Control in 2000. In 1994 a US Expert Committee recommended that children with a 
BMI  ³  30 or  ³ 95th percentile for age and gender should be considered overweight  [  6  ] . These cut-offs 
were selected to provide consistency with cut-offs used in adults and because in older adolescents 
such cut-offs are associated with adult type pattern of risk for obesity-related disease. The committee 
considered those with a BMI  ³  85th but <95th percentile to be at risk of overweight. The term obese 
was avoided as BMI does not speci fi cally measure body fat. In 2005, in order to address the serious-
ness and urgency of childhood obesity, the Institute of Medicine recommended that those aged 2–18 
years with a BMI > 30 or  ³ 95th percentile for age and gender (whichever is smaller) be termed obese 
 [  7  ] . It is now recommended that those with a BMI  ³  85th percentile but <95th centile (or <30) are now 
termed overweight  [  8  ] . This change in terminology has led to confusion but that currently used is in 
line with the International Obesity Task Force (IOTF). The IOTF centile charts are derived from data 
on more than 190,000 subjects from six countries and aim to provide age and sex-speci fi c de fi nitions 
of overweight and obesity in childhood and adolescence which equate to the adult de fi nitions of over-
weight (BMI  ³  25 kg/m 2 ) and obese ( ³ 30 kg/m 2 ). 

 World Health organization (WHO) growth charts are available for children aged up to 2 years and 
are intended to describe the growth of healthy children. A BMI-for age between 1–2 SDs suggests a 
child at risk for overweight, a BMI-for age of 2–3 SDs suggests overweight and a BMI-for age SD of 
>3 suggests obesity  [  9,   20  ] .  
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   Prevalence 

 It is estimated that about 43 million children under the age of 5 years are obese, about 35 million of 
which are in developing countries  [  9,   20  ] . However estimates of the prevalence of obesity may be 
subject to variation according to the cut-off or the reference standards as can be seen in Table  27.1 .   

   Aetiology 

 The majority of obesity in childhood is primary and is caused by a calori fi c intake that is greater than 
expenditure. However, the relative contributions of diet and of physical and sedentary activity are 
unclear and may be complicated by issues such as genetic variation and assortative mating. Various 
risk factors have been reported to be associated with overweight and obesity (Table  27.2 ). There are 
also a number of other, rarer, causes of obesity (Table  27.3 ). Genetic and syndromic causes of obesity 
should be given particular consideration in infants and young children presenting with obesity.   

 Children with primary obesity tend to be tall and to have a slightly advanced bone age. Children 
with genetic and endocrine causes of obesity are often short with a delayed bone age and may have 
speci fi c clinical features on examination, for example, red hair in pro-opiomelanocortin de fi ciency.  

   Complications 

 In adults and adolescents obesity has been well documented to correlate positively with risk factors 
for cardiovascular disease. There is as yet little evidence for this in pre-school children although obe-
sity early in life does appear to increase the likelihood of clustering of cardiovascular risk factors. 
There are a number of other adverse effects of obesity which have been documented in childhood 
(Table  27.4 ).   

   Strategy for Change 

   Screening 

 At present there is insuf fi cient evidence to introduce a population screening program for obesity in 
children  [  10  ] . However, as growth monitoring can be easily performed as part of child health checks 
there is the potential to obtain this information and provide feedback to parents on their children’s 
weight status. In US mandatory BMI assessment of children in public schools and annual reporting to 
parents began in a single state in 2003 and has been taken up by others since  [  11  ]  and it is recom-
mended that clinicians screen children older than 6 years for obesity and offer them appropriate assis-
tance to promote improvement in weight status  [  12  ] . There is currently insuf fi cient evidence for 
screening children less than 6 years of life although rapid weight gain in the  fi rst 2 years of life has 
been suggested as a potential screening tool for young children at risk of becoming overweight  [  13  ] .   
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   Table 27.2    Risk factors associated with the development of obesity 
in infants and children   

 Diet  Dietary fat, carbohydrate and sweetened drinks 
 Missing breakfast 
 Large portion size 

 Lifestyle  Low levels of physical activity 
 Television viewing 
 Residence in urban rather than rural area 
 Short sleep duration 

 Ethnicity  Hispanic, native American, black or south Asian origin 
 Prenatal  Intrauterine exposure to maternal obesity 
 Birthweight  Small for gestation age babies who exhibit rapid catch 

up growth at risk of obesity in childhood 
 Higher birth weight associated with overweight in 

adolescence 

   Table 27.3    Secondary causes of obesity in childhood   

 Genetic 
 Monogenic, e.g., leptin de fi ciency, pro-opiomelanocortin de fi ciency 
 Syndromes, e.g., Prader-Willi, Bardet-Biedl, Cohen 

 Endocrine 
 Hypothyroidism 
 Cushing’s syndrome 
 Growth hormone de fi ciency 
 Pseudohypoparathyroidism 

 Neurological 
 Brain injury/trauma 
 After cranial irradiation 
 Hypothalamic obesity 

 Psychological 
 Depression 
 Eating disorders, e.g., binge eating 

 Drug induced 
 Anticonvulsants, e.g., sodium valproate 
 Glucocorticoids 
 Tricyclic antidepressants 

   Table 27.4    Adverse effects of childhood obesity   

 Cardiovascular  Hypertension 
 Left ventricular hypertrophy 
 Arteriosclerosis 

 Respiratory  Asthma 
 Obstructive sleep apnoea 

 Metabolic  Insulin resistance 
 Impaired glucose tolerance/diabetes 
 Dyslipidemia 

 Gastrointestinal  Gastro-oesophageal re fl ux 
 Non-alcoholic fatty liver disease 

 Orthopedic  Tibia vara 
 Slipped capital femoral epiphysis 

 Other  Depression 
 Pseudotumour cerebri 
 Polycystic ovary syndrome 
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   Prevention 

 Due to the association of obesity with adverse outcomes at all ages, its prevention throughout life 
would appear appropriate. It is known that childhood adiposity tracks into adulthood and is related to 
adult cardiovascular disease but it is not yet determined whether the metabolic risks associated with 
obesity in infancy and childhood are reversible. Certainly not all overweight infants become obese 
adults but there is evidence of tracking of dietary and lifestyle behaviors from childhood throughout 
adolescence to adulthood which can impact on health. It therefore seems sensible in infants and young 
children to work with parents to optimize factors that are likely to prevent obesity and may bene fi t 
some other aspect of health. 

 Breast feeding has been shown to offer a protective effect against the later development of obesity. 
It has been suggested that this is related to socio-economic factors but other possible mechanisms 
include allowing infants greater ownership of feeding than bottle feeding and hence enhancing self-
regulation in response to hunger and satiety. Limitation of portion size is as relevant to infants as it is 
to older children and overfeeding of infants with formula milk should be avoided. Sugar-sweetened 
drinks are energy-dense and are not a necessary component of the diet of infants or young children. 
Physical exercise is an important component of a healthy lifestyle in older children and adults. In 
infants who are not yet independently mobile opportunities for prevention of obesity can by afforded 
by maximizing play and limiting the use of devices tending to restrict movement such as high-chairs 
and car seats to their intended purposes. In young children both unstructured and structured exercise 
are important aspects of obesity prevention. There is evidence that short sleep duration may be a risk 
factor for childhood obesity. It may be that this re fl ects an association with reduced activity. However, 
other suggested mechanisms include reduced opportunity for feeding and the lipolytic action of 
growth hormone, which is secreted during sleep.  

   Treatment 

 Whilst pharmacological and surgical options have been offered as treatments for obesity in older 
children and adolescents they are not generally appropriate in young children. Treatment in this age-
group is essentially achieved by nutritional intervention and life-style change. 

 There is very little literature on the optimal nutritional therapy for weight management in young 
children  [  14  ] . Few clinical trials have examined the effect of diet without confounding variables such 
as physical activity or of any speci fi c dietary or macronutrient strategy. Approaches to nutritional 
therapy tend to be adapted from those used in adults or older children, although any intervention in 
infants and young children is most likely to succeed if directed at the whole family. 

 The American Academy of Pediatrics has suggested a four staged approach to the treatment of 
obesity in children consisting of a program of prevention, structured weight management, multidisci-
plinary intervention and tertiary level care  [  14  ] . In UK, NICE Guidance recommends tailored clinical 
intervention for children with a BMI  ³  91st percentile and assessment for co-morbidities if BMI  ³  98th 
percentile; speci fi c referral should be considered for children with signi fi cant morbidities and other 
complex needs such as learning dif fi culties  [  15  ] . Many would also consider obesity in children under 
2 years old as an indication for specialist referral due to the increased likelihood of an underlying 
secondary cause.  
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   Nutritional Therapy 

 Weight loss is essential in the treatment of obesity in adults and older children. However, for pre-
school children, in the absence of complications, the aim of treatment is prolonged weight mainte-
nance which will lead to a reduction in BMI Z score with growth over time. 

 “Traf fi c light” diets have been used in young children. Such systems use a calorie-based exchange 
system with foods divided into color-coded groups according to their nutritional density  [  16  ] . Green 
(“go”) foods such as fruit and vegetables can be eaten relatively freely and the majority of staple foods 
are classi fi ed as amber “eat cautiously.” Red (“stop”) foods include such things as highly re fi ned car-
bohydrate snacks. When  fi rst devised the diet was envisaged to be used within a matrix of calorie 
counting with red foods limited to no more than 4 a week. In children it is particularly important o 
establish a framework of healthy decision making and eating choices and a prescriptive dietary regi-
men may prove counterproductive in this respect. Eating appropriately is as important as eating less 
and in young children a less rigid structure may be more useful. Nutritional advice would include 
consumption of regular meals and snacks paying attention to their composition. Foods with a high 
glycaemia index or high saturated fat content should be minimized and fruit and vegetable consump-
tion maximized. Portion size should be realistic. General principles of nutrition management of obe-
sity in young children are given in Table  27.5 .   

   Lifestyle 

 As with obesity prevention its treatment involves healthy lifestyle advice with respect to physical 
activity. For infants, independent play should be encouraged. Preschool children should be given the 
opportunity for at least an hour of moderate activity a day. In addition to regular structured exercise 
such as team sports, dancing or swimming, children should be encouraged to incorporate exercise into 
daily activities—for example, choosing stairs and walking to school. Time spent undertaking seden-
tary activities such as watching television and using a computer should be minimized. Such pursuits 
are relatively inactive and tend to be likely associated with snacking.  

   Public Health Measures 

 Public health measures have been used effectively for a number of issues threatening health, a notable 
recent example being smoking. Public health measures could potentially be used to address obesity, 
however, unlike cigarettes, food is essential for health and the evidence base for interventions particu-
larly in infant and childhood obesity is poorly de fi ned. Any public health measures would therefore aim 
to change current food supply trends in order to encourage better health. For example, the WHO Obesity 
Charter  [  9,   20  ]  has been accepted by governments but requires political support to be implemented. 

   Table 27.5    Suggested principles for the nutritional management of obesity in young children   

 Restrict caloric intake to achieve weight maintenance 
 Encourage balanced diet containing fruit, vegetables,  fi bre,  fi sh and low-fat diary products 
 Reduce consumption of calorie-dense foods particularly snacks with high glycaemic indices or high saturated fat 

contents 
 Eliminate sweetened beverages 
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 The rising healthcare costs of obesity are suf fi cient to justify prevention as a government issue. 
Particularly in relation to infants and children it can be argued that there is a role for such intervention 
in ensuring they are offered an optimum diet for later health. Possibilities for government intervention 
include regulating advertising, differential food taxes to promote consumption of healthier food types, 
changes to the physical environment such as improvements to parks and provision of guidelines for 
physical education and nutrition in schools. 

 The food industry currently facilitates obesogenic patterns of behavior. Purchase of high-fat, 
energy-dense foods is encouraged. The provision of food labeling detailing the fat content of food has 
been shown to be a useful tool in changing eating patterns  [  17  ]  and in UK the Food Standards Agency 
has proposed a “traf fi c-light” front of pack labeling system for pre-packed foods  [  18  ] . 

 The media also has a powerful impact on food choices. The type of television advertising currently 
aimed at children tends to promote the choice of unhealthy foods. There is potential to ensure that 
advertising to children contains health messages consistent with public health policies.  

   Conclusion 

 Obesity is an increasing problem amongst young children. Many adults are obese as children but the 
later risks to health of obesity in infants have not yet been fully determined. However, it would seem 
sensible to adopt a preventive strategy to optimize factors that are likely to prevent obesity and may 
bene fi t some other aspect of health throughout life and to treat young children who become obese.      
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      Key Points 

  •     An early life component is increasingly being recognised in the aetiology of obesity.  
  Many epidemiological studies have shown that early weight gain, infant overweight and infant • 
obesity are associated with overweight and obesity in later life.  
  There is a prevailing diversity on the de fi nitions of exposures which limits the interpretation of a • 
postulated prognostic association between isolated infant size estimates and adult obesity.  
  The available accumulated evidence in the  fi eld fails to answer important public health questions • 
and support clinical decisions, the most important being the exact timing for overweight/obesity 
screening.     

 Keywords   Infant growth  •  Obesity  •  Developmental origin of disease hypothesis  •  Birth size  • 
 Epidemiological methods 

   Introduction 

 Obesity re fl ects the energy imbalance between calorie consumption and expenditure leading to abnor-
mal body weight with direct negative consequences on human health. Obesity is considered today a 
pandemic since its prevalence has more than doubled since 1980 worldwide  [  1  ] . It increases the risk 
of chronic diseases such as type 2 diabetes, cardiovascular disease, musculoskeletal disorders, and 
some cancers, and it is the  fi fth most important risk factor of death globally. The underlying causes 
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contributing to the rising prevalence of obesity are complex and involve societal and environmental 
risk factors such as urbanisation and changing modes of work and transport as well as various indi-
vidual risk factors. An early life component is increasingly being recognised in the aetiology of obe-
sity  [  2,   3  ]  being of major potential importance for public health strategies’ guidance. Patterns of 
growth associated with low birth weight and increased weight gain in childhood, as well as low birth 
weight per se, have shown inverse associations with obesity and related disorders such as insulin 
resistance, diabetes, and cardiovascular disease in adulthood  [  4–  7  ] . In addition to birth weight and 
childhood growth trajectories, immediate postnatal growth has received considerable attention in the 
medical literature. This is the period of the fastest growth in the entire life span and is a critical win-
dow of tissue and organ development wherein several regulatory mechanisms continue to develop 
after birth  [  8  ] . Thus, variations in this process may have long-lasting effects on health. Several studies 
have examined weight changes between birth and the  fi rst years of life; results have suggested that 
weight gain is associated with childhood, adolescent, and adult obesity and with higher levels of car-
diovascular and metabolic risk factors  [  9,   10  ] . There is also evidence that increased growth velocity 
in  fi rst years of life is associated with obesity and metabolic outcomes in adulthood  [  3,   11  ] . However, 
the majority of those studies use different de fi nitions of postnatal growth and obesity, as well as of 
surrogate metabolic outcomes, which poses challenges in synthesising the available evidence in order 
to draw  fi rm conclusions. Here we attempt to summarise the biological basis, which may explain the 
association between postnatal growth with later onset of obesity. We also aim to present the main 
evidence from observational studies, which examine associations between postnatal growth and obe-
sity and focus on the main methodological limitations associated with this research area. We will 
focus our description on human studies; however, there is a large body of literature examining early 
life programming in animal models.  

   Biologic Plausibility 

 The association between small size at birth and higher risk of adult disease, such as type 2 diabetes and 
cardiovascular, has been consistently reported  [  12  ] . The foetal origins of adult disease hypothesis was 
 fi rst introduced by Barker  [  13  ]  and was later named Developmental Origins of Health and Disease 
(DOHaD) hypothesis  [  14  ]  (Fig.  28.1 ). It can be placed within a wider framework of life course approaches 
to chronic disease epidemiology. In this framework, the DOHaD hypothesis has a close relationship 
with the critical period model that includes later life effect modi fi ers  [  15  ] . Here we describe hypothesis 

  Fig. 28.1    Developmental Origins of Health and Disease (DOHaD) hypothesis. Adapted from Ozanne and Constancia  [  25  ]        
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that have been suggested to explain association between birth weight and early life growth with obe-
sity and related disorders including type 2 diabetes and cardiovascular disease.  

   Hypotheses Explaining Inverse Association Between Birth Size 
and Adult Disease 

 There are two main hypotheses that have been put forward to explain the observed inverse association 
between small size at birth and adult disease: (1) foetal programming i.e. the thrifty phenotype hypoth-
esis and (2) genetic susceptibility hypothesis, which proposes pleiotropic genetic effects for foetal and 
adult phenotypes or traits  [  16  ] . The idea of programming induced by foetal undernutrition was originally 
implied as an explanation behind the statistical associations between small size at birth and adult disease 
 [  13  ]  and it is often included in the de fi nition of the Barker or DOHaD hypothesis. The foetal program-
ming hypothesis emphasises the environmental and the foetal insulin hypothesis the genetic in fl uences 
behind the association between foetal growth and adult disease. The environmental effects may include 
maternal undernutrition and other maternal or placental abnormalities leading to foetal undernutrition, 
hormonal effects such as increased administration of natural glucocorticoids from the mother to the 
foetus during stress, and/or accelerated postnatal growth followed by restricted foetal growth. The foetal 
programming hypothesis proposes that the adaptive response of the foetus to the in utero environment at 
“critical periods” of development leads to permanent changes in its body structure, physiology and 
metabolism  [  13  ] . As an alternative mechanism, it has been suggested that pleiotropy may explain at least 
part of the association between the foetal and adult phenotype. In particular, the foetal insulin hypothesis 
proposes an insulin-resistant genotype which leads to both smaller size at birth and to an insulin-resistant 
phenotype in adulthood, increasing the risk of T2D and related diseases  [  16  ] .  

   Foetal Undernutrition 

 The hypothesis of foetal programming due to undernutrition postulates that the adverse conditions in 
the intrauterine environment cause the foetus to optimise the use of energy to guarantee its survival. 
This kind of adaptation, allowed by developmental plasticity  [  17  ] , has short-term bene fi ts (survival of 
the foetus) but detrimental permanent effects to the growth and function of the tissues, which later 
increase the risk of obesity, type 2 diabetes and cardiovascular disease  [  18,   19  ] . However, maternal 
undernutrition is not common in Western societies  [  20  ]  where most of the research on this topic has 
been done. In these countries, the function of placenta plays a more important role. However, the 
associations between absolute or relative measures of placental weight and type 2 diabetes and cardio-
vascular disease have been inconsistent  [  18  ] . Pre-eclampsia as an extreme form of placental dysfunc-
tion seems to be associated to cardiovascular disease in the mothers and a higher blood pressure in the 
offspring; however, the potential role of genetic factors in this association remains unclear. In their 
review, Jaddoe and Witteman  [  18  ]  conclude that there is no strong evidence for the foetal program-
ming hypothesis by foetal undernutrition from the existing studies.  

   Maternal Stress and Glucocorticoids 

 An increasing problem among pregnant women especially in the Western societies is social stress due 
to career demands,  fi nancial uncertainty and a low level of support from family  [  20  ] . Glucocorticoids 
belong to steroid hormones and the most important one of them in humans is cortisol. Stress during 
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pregnancy causes plasma glucocorticoid levels to rise in the mother. It is also known that administration 
of glucocorticoids during pregnancy leads to lower birth weight of the baby. The babies with decreased 
birth weight have increased cortisol levels throughout life, which may be explained by the program-
ming of the function of the hypothalamic-pituitary adrenal axis (HPA), which is sensitive to glucocor-
ticoids  [  21  ] . In particular, placental 11 b -hydroxysteroid dehydrogenase type 2 (11 b HSD2) enzyme 
inhibits glucocorticoids by converting maternal cortisol to inactive cortisone. Reduced placental 
11 b HSD2 is associated with both lower birth weight and higher blood pressure in later life in the 
offspring  [  22  ] . Studies in knockout mice support these  fi ndings  [  23  ] . It has been suggested that the 
molecular mechanism that underlies the programming may include epigenetic changes which could 
be passed on to subsequent generations without further exposure  [  24  ] .  

   Epigenetic Modi fi cations 

 In the recent years, increasing amount of research has focused on the role of epigenetics in DOHaD 
 [  25,   26  ] . Epigenetic modi fi cations, including DNA methylation and histone modi fi cations, regulate 
gene activity without affecting the DNA sequence. For example, in mammals, parent of origin effects 
on gene expression and X-chromosome inactivation in females can be observed. The early foetal 
period after conception has been identi fi ed as a critical window for the establishment of DNA methy-
lation patterns, and at a later stage, tissue-speci fi c patterns of epigenetic modi fi cations have been 
shown in organisms  [  27  ] . There is an increasing body of evidence, mainly from animal models, sug-
gesting that epigenetic changes due to early environmental factors have an important role in later 
disease susceptibility (see reviews of these studies in Ozanne and Constancia  [  25  ]  and Gluckman 
et al.  [  26  ] ). Imprinted genes, whose effect on gene expression is parent-speci fi c, provide good candi-
dates for the search for genes involved in developmental programming through epigenetic 
modi fi cations. Some evidence already suggests the involvement of imprinted genes in growth and 
metabolism  [  25  ] .  

   Growth Acceleration 

 The growth acceleration hypothesis postulates that the foetal growth restriction relative to genetic 
growth potential could result in compensatory postnatal growth acceleration which is responsible for 
the higher risk of adult disease  [  27  ] . Accelerated growth is often linked to the nutritional environment 
during infancy  [  28  ] . Animal studies, in which the perinatal environment can be manipulated, have 
reported that early life nutritional experiences different in quantity or quality of nutrition are associ-
ated with obesity and a higher metabolic rate in adulthood  [  8  ]  as a result of tissue remodelling, 
changes in cell differentiation, organ growth, and cell signalling  [  3,   29–  31  ] . Postnatal nutritional 
excess, has been shown associations with chronic increase in leptin levels, which is further associated 
with obesity  [  32  ] .  

   Genetic Susceptibility 

 The foetal undernutrition, glucocorticoid and growth acceleration hypotheses all imply foetal or post-
natal programming. The genetic susceptibility hypothesis has recently gained some support as an 
alternative hypothesis for the mechanism underlying the association between birth size and adult 
disease. The foetal insulin hypothesis, which speci fi cally postulates a genotype producing small, thin 
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babies and insulin-resistant adults, relies on the importance of foetal insulin secretion as a key factor 
in foetal growth particularly in the third trimester of pregnancy  [  16  ] . The evidence for this hypothesis 
at the time it was presented came from studies on rare monogenic variants that were associated with 
both low birth weight and altered insulin secretion or resistance later in life. Twin studies examining 
this hypothesis have overall been inconclusive and population-based genetic association studies con-
ducted before the genome-wide era have produced con fl icting results  [  18  ] . However, recent studies 
have indicated that at least part of the association between low birth weight and type 2 diabetes in 
particular may be explained by common genetic effects  [  33,   34  ] . An age-dependent association 
between variation at the FTO locus which is associated with obesity and type 2 diabetes, and body 
mass index (BMI) in children has also been suggested  [  35  ] .  

   Synthesis and Future Research 

 It remains still unclear which of the suggested mechanisms has the best explanatory power for the 
association between birth size and early growth and adult obesity and disease. It is likely that none of 
them is adequate in itself but several mechanisms operate simultaneously  [  16  ] . The role of different 
mechanisms may vary between different adult trait or diseases studied. Therefore, further studies on 
these mechanisms are warranted. It is important to design epidemiological studies in a way that allows 
the examination of these mechanisms in conjunction with each other. Such study design would be a 
prospective, population-based cohort study on a large number of subjects with a follow-up of their 
growth and health frequently from pregnancy until adulthood  [  18  ] .   

   Methodological Challenges in Examining Early Life Effects on Adult Obesity 

 The research agenda of early life effects on adult obesity and its consequences is a complex system of 
associations exhibiting a spectrum of interactions ranging from completely independent to highly cor-
related associations. Each association represents an individual research question that is typically 
approached through observational studies, birth cohort studies in their majority. Delineating fundamen-
tal aspects of this system of associations will eventually lead to speci fi c clinical research questions 
which have been and will be pursued through intervention-based hypothesis-testing under rigorous 
clinical trials’ designs with the ultimate goal of the effective prevention of the long-term detrimental 
consequences of obesity. Deciding upon the speci fi c association that best addresses the research ques-
tion under study is a complex endeavour involving serious considerations on all study design aspects, 
including and not limited to the population and outcome under study and de fi nitions thereof, as well as 
the early life parameters investigated and de fi nitions thereof. Variations of a postulated identical 
research question can produce surprisingly different study results due to a number of reasons ranging 
from a different biological background to bias-proned outcome and exposure de fi nitions. Examples of 
different obesity de fi nitions are obese, overweight, BMI as a continuous outcome, other BMI trajecto-
ries, BMI combined with hip-to-waist ratio, BMI associated with metabolic syndrome, etc. comprising 
a long list of proposed approaches for a major public health issue. Similarly, examples of different 
exposure de fi nitions include BMI at 2 years, BMI at 1 year, weight gain over the  fi rst 2 years, growth 
velocity, catch-up growth, etc. compromising a long list of exposures that might be tested in association 
with later overweight and obesity. In fact, postnatal growth itself has a long list of de fi nitions with many 
studies using smoothing or regression cubic splines in order to model growth—such models are easy to 
 fi t but the interpretation of parameters poses challenges—while others have chosen standard parametric 
approaches to model longitudinal growth—this has the advantage of natural biologic interpretability of 
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the parameters  [  3  ] . Another considerable concern regarding this  fi eld is whether reverse causation 
issues prevail. Are the observed phenotypes related to early growth patterns a proxy of the  fi nal adult 
obesity phenotype—confounded by factors that in fl uence both postnatal weight gain and later adipos-
ity—and any intervention would actually simply suppress the presentation of the underlying disordered 
pattern of metabolism or modifying growth patterns associated with adult obesity would truly affect the 
natural history of the disease? Standard regression techniques, which have been used to address the 
aforementioned hypothesis, have limitations and are often inadequate in addressing these research 
questions. Reparameterisation of a multiple regression analysis can change the interpretation of the 
model’s results while regression models are usually hindered by collinearity problems. Other tech-
niques such as latent class and path analysis have been proposed to address many of these issues but 
still are infrequently used in the literature  [  32  ] .  

   Overview of the Currently Available Evidence 

 Many epidemiological studies have examined associations between size at birth, infancy and growth 
with later measures of obesity in childhood adolescence and adulthood. Here we summarise the evi-
dence from epidemiological studies focusing on studies, which examine association between early 
size and growth with overweight and obesity in adulthood. We retrieved information from the latest 
available systematic reviews as well as large (arbitrarily set as of a sample size larger than 1,000 par-
ticipants) observational studies subsequently published in the  fi eld. 

   Birth Weight and Adult Obesity 

 Many studies have examined the association between birth weight and later BMI and have shown 
positive but weak associations between higher birth weight and higher BMI in adulthood  [  36  ] . For 
example, the Health Professionals Follow-Up Study collected self-reported information on birth 
weight and current height and weight for 51,829 middle-aged men  [  37  ] . The OR for being in the high-
est vs. the lowest age-adjusted BMI quintile was 2.08 (1.73–2.50) for men with a birth weight of over 
4.5 kg, and 0.75 (0.66–0.84) for men with a birth weight between 2.5 and 3.1 kg compared to the 
reference category of 3.2–3.8 kg. A similar analysis was performed in the Nurses Health Study, which 
had information on 71,100 women aged 30–55 years and 92,940 women aged 25–42 years. Among 
women aged 30–55 years, the OR of having a BMI in the highest vs. the lowest quintile was 1.62 
(95% CI 1.38–1.90) for those with a birth weight >10.0 lb, compared to those with a birth weight of 
7.1–8.5 lb  [  38  ] . Some studies have also reported a J- or U-shaped relationship between birth weight 
and obesity but most support a linear relationship  [  10  ] . 

 BMI is only a marker of body fat and does not inform on lean and fat mass or fat distribution. It is 
possible for example that positive associations between birth weight and BMI could result from 
increases in lean body mass rather than adipose tissue or vice versa  [  39  ] . Few studies have addressed 
this issue and those have reported positive associations between birth weight and subsequent lean 
body mass, and a negative association with relative adiposity  [  40  ] . In addition, other studies have 
shown inconsistent associations between birth weight and waist circumference  [  3,   38–  40  ] . These 
results need to be interpreted with caution as accurate methods of measuring body fat distribution 
such as DXA scan or whole body MRI scan were not available. Recently, the population based 
ALSPAC study of 6,000 UK children aged 9–10 years showed positive associations between birth 
weight and total body lean mass index and fat mass index measured with a DXA scans; however, data 
on adults is not yet available  [  41  ] .  
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   Infant Size and Adult Obesity 

 Many epidemiological studies have examined the association between infant weight and adult obesity 
addressing the notions for early screening and prevention of obesity in childhood. In a recent system-
atic review  [  11  ] , 18 studies which assessed the relationship between infant size and subsequent over-
weight or obesity were identi fi ed. Most studies showed that infants who were obese or overweight had 
higher risk of being overweight and obese in later life. Only seven of those studies examined the asso-
ciation between infant size and obesity in adulthood again showing consistent positive associations 
 [  11  ] . Despite the observed consistency across study results, a quantitative synthesis of the reported 
estimates was not possible due the large heterogeneity in the de fi nitions of infant size and subsequent 
outcomes (obesity). The infant size for example has been de fi ned as BMI at 6 months, as BMI at 1 
year, as weight in 1 year, weight in 2 year, weight at 18 months, weight for height and skinfold thick-
ness by various studies. In addition, results need cautious interpretation as risk of bias was high in 5 
out of the 18 studies and medium in other 11 studies  [  11  ] . The prevailing diversity of exposure 
de fi nitions in the  fi eld arises from lack of in-depth knowledge of the contribution of isolated infant 
BMI measurements in predicting future obesity  [  9  ] . The developmental pattern for BMI differs some-
what from the more-familiar patterns for height and weight; the normal pattern is for BMI to decrease 
from approximately 2 years of age until 5 or 6 years of age and to increase thereafter. Thus, infancy 
represents a time period of non-linear decrease and increase in BMI and poses considerable chal-
lenges in terms of methodology and interpretation of a postulated prognostic association between 
isolated infant size estimates and adult obesity. Hence, the available accumulated evidence in the  fi eld 
fails to answer important public health questions and support clinical decisions, the most important 
being the exact timing for overweight/obesity screening. Subsequent research re fl ects the dif fi culty of 
choosing an isolated infant size estimate and mainly focuses on growth velocity assessment discussed 
in detail later. The current guidance from the American Academy of Pediatrics recommends a staged 
approach towards obesity prevention starting the obesity screening at age 2  [  41  ] . Alternatively, in 
2010, the USPSTF recommends that clinicians screen children aged 6 years and older for obesity and 
offer them or refer them to comprehensive, intensive behavioural interventions to promote improve-
ment in weight status  [  42  ] . The observed controversy regarding the exact time-point as to when to 
measure and start screening for obesity led to the alternative approach of involving a more inclusive 
growth parameter as presented by growth velocity.  

   Infant Growth and Adult Obesity 

 Suf fi cient weight gain is fundamental for a normal growth and development process during child-
hood. However, it remains unclear if weight gain above the expected or usual weight gain, regardless 
of its direct impact in crossing the overweight/obesity threshold in infancy, causes additional short-
term or long-term bene fi ts or harms. As mentioned in the previous section, several studies of obesity 
in early childhood have focused on cross-sectional evaluations of obesity prevalence, but, until 
recently, few have evaluated longitudinal changes in weight status for infants. The association between 
weight gain in infancy and obesity in childhood, adolescence, and adulthood has recently been widely 
recognised  [  2  ]  and a better understanding of weight transitions early in childhood would likely inform 
future interventional work and policy focused on childhood obesity. In this section, we will discuss 
the available evidence regarding that research question; associations between catch-up growth pat-
terns and adult obesity in pre-term or small-for-gestational-age born infants as well as in settings with 
high prevalent malnutrition lie beyond the scope of this section and will not be discussed further. 
In 2005, Baird et al.  [  11  ]  published a systematic review of ten studies, which examined the relation 
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between weight gain in infancy, assessed in various ways, and subsequent obesity, measured as body 
weight or BMI. Relative risks for subsequent obesity ranged from 1.2 to 5.7 among infants with rapid 
weight gain. However, in most of the articles reviewed, obesity was measured in childhood or adoles-
cence, information on markers of obesity beyond weight or BMI was scarce, and few studies had 
repeated measures of growth at different time points. In a following systematic review  [  43  ] , research-
ers reported that higher odds ratios were reported from studies with longer duration of the infancy 
weight gain exposure, younger age when the outcome was measured, and less or no adjustment for 
potential confounding factors; interestingly, after standardising the observed risk estimates, all studies 
reported associations of comparable magnitude. Subsequent research in the  fi eld, con fi rms the direc-
tion of the postulated association, but lacks again consistency regarding exposure and outcome 
de fi nitions. In the Caerphilly Growth Study, McCarthy et al.  [  44  ]  modelled detailed weight changes 
among 676 boys and girls over the  fi rst 5 years of life and reported variable, non-consistent associa-
tions between weight gain and adiposity in adulthood that were in fl uenced by the time window of 
growth and the measure of adiposity used in adulthood. Results from the large Finnish Birth Cohort 
study, which had detailed and frequent measurements of growth over the  fi rst 2 years of life, showed 
that peak weight velocity (PWV) in infancy was signi fi cantly associated with adulthood BMI and 
waist circumference  [  3  ] . A 4-kg/year higher PWV was associated with a 1.87-cm (95% con fi dence 
interval: 1.08, 2.65) larger waist circumference in adulthood, after adjustment for potential confounders. 
In the same study, height velocity was also strongly associated with greater waist circumference inde-
pendent of adult BMI, despite the high correlation between these two variables (Fig.  28.2 ). The asso-
ciations of weight and height growth velocities with waist circumference highlight the fact that early 
growth might have an effect on later visceral obesity. This is of particular importance, since abdomi-
nal adipose tissue, an endocrine organ, secretes adipocytokines and other vasoactive substances and 
can in fl uence the risk of developing metabolic traits  [  45  ] .    

   Future Implications 

 Tackling obesity remains a public health priority for most developed and developing countries and 
interventions and policies are greatly needed to prevent and reduce obesity  [  46  ] . At the end of the pipe-
line, the research community is waiting for the emergence of randomised clinical evidence that will 
eventually validate hypotheses generated and re fi ned through the observational epidemiology frame-
work. These hypotheses are expected to form into community-based interventions that will adequately 
address the causes of excessive weight gain through different periods of child development, will de fi ne 
the risks and bene fi ts of promoting growth in infancy and will be stringently assessed for causality, 
generalisability, safety and cost-effectiveness. 

  Fig. 28.2    Associations of 
waist circumference with 
deciles of peak height 
velocity in infancy, Northern 
Finland Birth Cohort 1966 
Study  [  3  ]        
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 Results summarised here support the hypothesis that the  fi rst months of life, a period of develop-
ment that is amenable to intervention, are important in the risk of later overweight and obesity—a 
major risk factors for cardiovascular disease and other chronic diseases. In future work, investigators 
need to replicate these results using robust methodologies including and not limited to conceptual 
standardisation of exposures and outcomes and elucidate potential mechanisms that might explain the 
reported associations. In addition, these results need to be placed in the context of other  fi ndings 
which have shown bene fi cial effects of early growth on later development of diabetes and other out-
comes, including brain development  [  47  ] . Little is known about associations between early growth 
and other outcomes such as depression and cancer, which are other main causes of morbidity and 
mortality in adulthood  [  47,   48  ] . A better understanding of mechanisms throughout the life course that 
contribute to obesity, cardiovascular risk, and other health outcomes is important and would have 
important implications for prevention of chronic disease in adulthood  [  3  ] .      
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      Key Points 

    Child obesity rates are at an epidemic level, with rates during infancy also alarming.  • 
  Numerous factors, including maternal feeding style, are thought to be related to infant • 
overweight.  
  Mothers whose infants are overweight appear to restrict while mothers whose infants are under-• 
weight are likely to pressure.  
  A mother can overfeed by virtue of failing to heed her infant’s satiety signals, with a resultant • 
heavier infant.  
  Clinicians can help guide mothers to better read their infants’ hunger and satiety cues.     • 

  Keywords   Maternal feeding style  •  Infant weight gain  •  Maternal control  •  Restrictive feeding  • 
 Pressure to feed  

   Introduction 

 When Charney et al.  [  1  ]  posed the question, “Do chubby infants become obese adults?” in the  New 
England Journal of Medicine  in 1976, few would have anticipated the obesity epidemic we currently 
face, or the urgent need to examine all possible factors that may be contributing to this serious health 
problem. With the sobering realization that our youngest are not immune to this epidemic, as alarming 
rates of overweight and obesity are even apparent in early childhood  [  2  ]  scientists across a wide array 
of disciplines are desperately seeking answers and are increasingly looking at the earliest correlates 
of obesity with an eye toward prediction and prevention. To this end, increasing attention is being paid 
to weight and weight gain in infancy. While numerous explanations have emerged which serve to 
identify the risk factors that promote early excess infant weight gain, for example, low birth weight, 
maternal overweight, or not breastfeeding  [  3  ] , an intriguing line of recent research has focused on the 
role of the caregiver (hereafter, mother) from a behavioral perspective. That is, do the behaviors that 
a mother exhibits in the context of feeding have any bearing on how much her infant ingests, and 
ultimately, on her infant’s weight trajectory? 

    Chapter 29   
 Maternal Behavior and Infant Weight       

      John   Worobey          
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 A number of recent reviews have concluded that sustained breastfeeding serves as a deterrent to 
later obesity  [  4–  6  ] , although the mechanism by which it does so is not fully understood  [  7  ] . As it has 
long been established that formula-fed infants begin to surpass breast-fed infants in terms of weight 
gain by 2–3 months  [  8  ] , one hypothesis favors the unique properties of human milk. Despite the best 
efforts by scientists to imitate human breast milk in reconstituting and fortifying cow’s milk to manu-
facture infant formula, the composition of breast milk and formulas remain biochemically different. 
Indeed, recent work suggests that certain hormones such as leptin or ghrelin, present in breast milk 
but not in formula, may be partially responsible for the infant’s self-regulation of appetite  [  9  ] . 

 Alternately, rapid weight gain may be due in part to maternal overfeeding. When one considers that 
the human infant is totally dependent on the mother to obtain nourishment, a viable complementary 
explanation is that a mother’s aggressive approach to feeding may led to overfeeding and subse-
quently, the infant’s ability to self-regulate being undermined with the consequence of excess weight 
gain. Conversely, a passive approach to feeding might lead to underfeeding and subsequently to 
underweight. The aim of this chapter is to review the available studies on maternal behavior in the 
feeding context, to address the question as to whether maternal feeding practices exert a meaningful 
in fl uence on infant weight.  

   Feeding Patterns and Scheduling 

 The formal study of maternal feeding styles by scientists (Freudian theory notwithstanding) can trace 
its roots to the seminal volume by Brody  [  10  ] , who over a half century ago categorized mothering into 
four patterns, based on maternal sensitivity, consistency, and frequency of behaviors. Her rich descrip-
tions of 32 mostly breastfeeding mothers, with infants ranging from 4 to 28 weeks, are a worthwhile 
read even today for anyone who aspires to study mother-infant interaction. For the purposes of infant 
weight as an outcome, her description of the “C mothers” is most informative:

  The mothers of group C were conspicuous for their lack of spontaneity and their intentions to be ef fi cient above 
all else. Physically and socially they were detached from their infants. Some reduced their attention to the carry-
ing out of a minimum of essential details of infant care, and showed a low degree of interest in any activity with 
the infant of a non-physical nature ( [  10  ] , p. 266).   

 Nevertheless, by the end of her observations, the C infants exhibited the highest percentage of weight 
gain, at 107.32 %. On an earlier page Brody states “that the C mothers, outside of Feeding, did little 
with their infants” (p. 261), a summation that may be unduly critical, since during feeding those moth-
ers were highest in speaking to their infants, and never lower than second in moving, touching or 
offering their infants objects, relative to the A, B and D mothers. In any case, this treatise serves as one 
of the earliest reports on how less sensitive mothering may be associated with infant weight gain. 

 Concurrent with their early work on mother-infant interactions, Ainsworth and Bell  [  11  ]  conducted 
a comprehensive study that targeted feeding patterns. While infant attachment behaviors later dis-
played at 12-months were a primary outcome of interest, the investigators made detailed enough nota-
tions to link maternal feeding behavior to infant weight gain. Despite a sample of only 26 mothers 
who were mostly bottle-feeders, the authors delineated nine feeding patterns over the  fi rst 12-weeks 
postpartum: four patterns were designated as feeding on demand, four were designated as feeding on 
a schedule, and one was designated as arbitrary. While breast vs. bottle feeding provides an obvious 
dichotomy in the study of maternal feeding style, with this investigation Ainsworth and Bell contrib-
uted “demand” vs. “schedule” feeding as a variable of interest. 

 The Ainsworth and Bell  [  11  ]  sample revealed  fi ve infants, all bottle-fed, as being overweight 
at 3-months. Two of the overweight infants had mothers who were described as Scheduled feeding 
(pattern IV), with their intent labeled as overfeeding to gratify baby. But both of the infants whose 
mothers were described as Demand feeding (pattern III), were similarly recorded as being overweight, 
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with their intent also labeled as overfeeding to gratify baby. The mother of the  fi fth overweight infant 
was categorized as Pseudo-Demand (pattern VII), that is, overfeeding to make her baby sleep long. 
Interestingly, of the four infants who were observed to be underfed, two were underweight, while a 
 fi fth infant fed normally was also underweight. Three of the four underweight infants had mothers 
characterized as Pseudo-Demand (pattern VI) but in this pattern, because mother was judged as 
impatient. 

 Despite the landmark nature of these two publications, until hints of an imminent obesity crisis 
began to surface, essentially no research on maternal behavior and infant weight outcomes was con-
ducted for some 30-odd years. Granted, an occasional report would appear, notably Klesges et al.  [  12  ]  
exemplary work in observing families at mealtimes, where connections could be made between paren-
tal encouraging of toddlers to eat and their higher weight. But such studies used cross-sectional 
approaches, and the few infants included had long been weaned to solid foods. For such reasons, a 
study by Casiday et al.  [  13  ]  is noteworthy because of its recency, magnitude, and focus on feeding 
patterns in the  fi rst week postpartum. The investigators compared breast-, bottle- and mixed-fed 
infants (Ns of 172, 278 and 52, respectively), and found no associations between bottle- or mixed-
feeds and weight measures at 6 weeks. For breast-fed infants, a lower feed-to-feed ratio, that is, more 
frequent feedings, was associated with higher weight gain. Inasmuch as the breast-fed infants were 
lighter in weight than the infants of the other groups, frequency of feeding in this case was not a har-
binger of obesity risk, but likely desirable for the breast-fed infants. 

 In sum, these varied results over separate decades do provide a basis for the consideration of early 
feeding patterns as a causal mechanism for weight outcomes. While some evidence suggests that 
overfeeding by bottle-feeding mothers seemed to lead to overweight, the  fi nding that feeding fre-
quency could even in fl uence breast-fed infants growth rates underscores the role of maternal 
behavior. 

 Although the issue of demand vs. schedule feeding has garnered some popular airplay in the 
“advice to parents” realm, with rather impassioned arguments for and surprisingly against demand 
feeding  [  14,   15  ] , remarkably little empirical work has been conducted that has examined the impact 
of such patterns on infant growth. In a study with 29 preterm infants, Saunders, Friedman and 
Stramoski  [  16  ]  reported that weight gains were similar across feeding groups, whether demand- or 
schedule-fed. In a study by Baughcum et al.  [  17  ] , ostensibly conducted to develop and validate their 
Infant Feeding Practices Questionnaire (IFPQ) for assessing maternal feeding practices and beliefs, 
no associations were found between feeding on demand or on a schedule, and this with a sample of 
453 infants. More recently, Saxon et al.  [  18  ]  conducted a retrospective examination of infant feeding 
practices over the  fi rst year with the expressed intent of comparing demand to schedule feeding. Their 
data on 21 demand-vs. 27 schedule-fed infants suggested no pervasive differential effect of feeding 
type on infant growth from birth to 6 months. Coupled with the early Ainsworth and Bell  [  11  ]  results, 
it would appear then that feeding on demand vs. on a schedule makes little if any difference in infant 
weight outcomes.  

   Maternal Feeding Style Versus Feeding Practices 

 The aforementioned study by Baughcum et al.  [  17  ]  that dismissed feeding schedule as having any 
bearing on infant weight, did report that mothers expressed greater concern about their infants over-
eating if their infants were overweight. However, no associations were found between infant over-
weight status and maternal awareness of infant hunger/fullness cues or using food to calm the infant, 
or toddler overweight and use of food to calm toddler fussing, pushing the toddler to eat more, or let-
ting the toddler control the feeding interaction. Given these non-results, the authors concluded that 
there was no particular maternal “feeding style” that is associated with early overweight. In spite of 
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this assessment, a line of research has picked up on the notion of feeding style, conceiving it as a 
derivative of overall parenting style. 

 The roots of research on parenting style lie in the domain of developmental psychology, owing to 
Schaefer’s  [  19  ]  initial formulation of two primary dimensions of parental behavior (warmth-hostility 
and autonomy-control), and Baumrind’s  [  20  ]  later assignment of labels to certain of the possible com-
binations (namely authoritative, authoritarian, and permissive). Drawing on this and related research, 
Maccoby and Martin  [  21  ]  re-conceptualized parenting style along the two dimensions of parental 
responsiveness (aka warmth or supportiveness) and demandingness (aka behavioral control), to classify 
the pairings of their high and low exhibition as authoritative, authoritarian, permissive, and uninvolved. 
For example, an authoritative parenting style would connote high responsiveness and high demanding-
ness, while an uninvolved parent would be low on both dimensions. Scores of studies using this typol-
ogy attest to the authoritative style as being associated with the most positive child outcomes  [  21,   22  ] . 

 In what may be hailed as an overdue meeting of the child psychology and nutritional science  fi elds, 
Hughes et al.  [  23  ]  have applied the parenting style approach to the study of child obesity, narrowing 
the former to how parenting style may align with child feeding styles. For example, an indulgent feed-
ing style would be characterized as high in responsiveness (e.g., allowing the child to choose appro-
priate foods) and low in demandingness (e.g., letting the child not eat his string beans). Although 
some evidence suggests that this typology has been fruitful with preschool-age children in  fi nding 
associations between feeding style and sources of energy intake as well as overweight status  [  23,   24  ] , 
the utility of the feeding style approach has not been tested with mothers of infants. That is, some 
work has shown that mothers of infants can be categorized in this manner, for example, indulgent or 
laissez-faire  [  25  ] , but no research to date has explored whether or not these blended feeding styles 
relate to infant weight or excess weight gain. 

 Ventura and Birch  [  26  ]  make an important distinction between parental feeding  styles  and parental 
feeding  practices . In their view, a feeding style (as a speci fi c case of parenting style) implies that a 
mother possesses an almost trait-like style that describes how she would interact with her children 
across all feeding situations. Thus, an authoritarian mother would be expected to be high in demanding-
ness and low in responsiveness when feeding any of her children, irrespective of setting, the child’s 
gender, or one might add, the child’s weight status. In contrast, a feeding practice would be context-
related, that is, a speci fi c behavior employed to control when, what, and how much her child will eat 
 [  26  ] . From this perspective, feeding practices include behaviors such as pressuring a child to eat, restrict-
ing a child from eating, monitoring foods the child eats, using food as a reward, modeling what foods 
to eat, or using food to pacify. If not obvious, such behaviors infer the exertion of control over the feed-
ing situation, and therefore echo the autonomy-control continuum of the parenting styles framework. 
However, the distinction is one of behavior aimed at control rather than a controlling personality.  

   Maternal Control and Infant Weight 

 In fairness, the element of control is crucial to the demandingness dimension, witness the feeding 
style reports that address controlling behaviors such as food restriction  [  23,   25  ] . While the practices 
listed above would seem to have greater saliency for preschool-age children than for infants, however 
(e.g., using food as a reward), the issue of control provides a common denominator. Consider, for 
example, the relevance of control in the act of breastfeeding. Numerous investigators have proposed 
that breastfeeding mothers are relatively less able to monitor the quantity of milk that their infants 
ingest, and thereby relinquish more control to the infants  [  27–  29  ] . The bottle-feeding mother, in con-
trast, can exert greater control of when, where and how much her infant may be fed, and behaviors like 
monitoring, restricting, and pressuring are more likely to be used as the mother begins to attend to her 
infant’s growth rate. Irrespective of breast or bottle-feeding, in recent years nearly a dozen studies 
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have appeared that have been directed toward linking feeding practices such as these to infant weight 
gain and overweight. 

 Fisher et al.  [  30  ]  may be credited with the  fi rst attempt to tie maternal control of feeding to infant 
weight, along with the logical precursor of early weight gain, namely energy intake. Of particular inter-
est to these authors were the possible differences between their 11 bottle-feeding and 44 breastfeeding 
dyads. Using a set of self-report items aimed at measuring maternal control of feeding at 12–13 months, 
along with diet records for the infants reaching toddlerhood at 18-months, the investigators found that 
lower infant weights were associated with lower maternal control in feeding, and that breastfeeding 
through the  fi rst year predicted maternal control, with women still breastfeeding at 12–13 months tend-
ing to report lower control. But unexpectedly, lower maternal control at 12–13 months was associated 
with higher toddler energy intake at 18 months. In turn, higher energy intake was shown for larger tod-
dlers, that is, toddlers who were taller and leaner, but not heavier. The authors interpreted their maternal 
control–heavier toddler association as suggesting that infant weight status may have been considered 
by the mother in determining how much she should exert control in feeding her toddler. 

 Concerned about weight faltering and failure to thrive, Wright et al.  [  31  ]  surveyed mothers at 
6-weeks and 4-, 8- and 12-months on their infants’ feeding behavior. While most of their questions 
focused on infant feeding problems (e.g., oromotor dysfunction, avoidant eating behavior), the authors 
included a subscale labeled “maternal response to food refusal.” With items that ask if the mother re-
offers food or makes the child eat if part of the meal is not  fi nished, this form of behavior would 
assuredly qualify as control through pressuring. For their sample of 537 infants at 12 months, a higher 
level of such pressuring predicted lower weight gain. Although mothers may have been responding to 
their infant’s tendency to undereat, or encouraging their thinner infants to eat more, the authors cau-
tion that maternal pressure to eat may have the unintended effect of causing food avoidance. 

 Although their preschool-age sample lies outside the age-range for infancy and toddlerhood, 
Burdette et al.  [  32  ]  asked mothers of 3-years-old to recall their feeding practices during their infants’ 
 fi rst year of life using the IFPQ, then re-weighed and measured the children when they reached age 5. 
Mothers who reported having exerted higher control over infant feeding, albeit 4 years earlier, tend to 
have children with lower fat mass at 5 years ( p  < 0.07). Mothers of overweight 5-years-old also 
reported being more concerned about infant overeating when asked at age 3. However, no associations 
were found between child weight and awareness of satiety cues, using food to calm fussiness, feeding 
the infant as  fi rst response if fussing, feeding on a schedule, or breastfeeding. 

 Farrow and Blissett  [  33  ] , in a departure from the questionnaire approach, observed 69 mothers as 
they fed their infants solids at 6 months, and obtained weight measures of the infants at birth, 6 and 12 
months. The videotaped feeding interactions were rated for maternal use of control during feeding, 
with a highly controlling caregiver continuously offering, forcing, or positioning the infant to eat. In 
cases where maternal control at 6 months was high, infant growth from 6 to 12 months followed a pace 
similar to that shown from birth to 6 months. However, where maternal control was low, the infant 
growth pattern re fl ected a compensatory form of self-regulation. That is, infants with rapid early 
weight gain slowed down from 6 to 12 months while those with slow early weight gain accelerated in 
their subsequent weight gain. Breastfeeding was not associated with infant growth from 6 to 12 
months. These results offer clear evidence that maternal control can exert an in fl uence on infant 
weight outcomes, but at the same time indicate the need to consider the infant’s predicted growth 
trajectory.  

   Food Restriction and Pressure to Eat 

 While the above results do not suggest a convergent pattern for maternal control and its association 
with infant weight gain, other factors that also cloud interpretation are the varied ages of the targeted 
infants, as well as the nature of the instruments used. For example, three of the four studies just 
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reviewed used different sets of questions to measure maternal control  [  30–  32  ]  while the fourth study 
relied on ratings of observations  [  33  ] . As a case in point, the instrument employed by Fisher and col-
leagues, until then used only with children aged 3–5 years  [  34  ]  included questions that tapped food 
restriction, pressuring, and use of food as a reward, combining them into a control score that con-
founded these three practices. Shortly after their study appeared, however, the instrument was pub-
lished in a validated form as the Child Feeding Questionnaire (CFQ) that differentiates between 
restriction, pressure to eat, and monitoring  [  35  ] . For example, one  restriction  item is “I have to be sure 
my child does not eat too many sweets,” while a  pressure to eat  item is “I have to be especially careful 
to make sure my child eats enough.” Although the items follow a “child feeding” nomenclature, the 
CFQ has increasingly been used with mothers of infants, as some investigators have deemed the items 
as suitable once infants have been introduced to complementary foods. 

 For example, Taveras et al.  [  36  ] , who also sought to explore the association between breastfeeding 
and maternal control, used items from the CFQ to measure restriction and pressuring to eat. Their 
large multiethnic sample of mothers ( N  = 1,160) was queried at 1 year as to type of infant feeding, and 
if breastfeeding, its duration. Mothers who breastfed were less restrictive than bottle-feeding mothers, 
and the longer they breastfed, the less restrictive they were at 12 months. Breastfeeding did not predict 
pressuring, nor did infant birth weight or weight-for-length at 6 months relate to breastfeeding dura-
tion or maternal control. Curiously, the authors did not include infant weight-for-length at 12 months 
in their report. 

 In a pair of reports, Blissett and Farrow tracked infant weight at birth to 12- and 24-months for 62 
infants, and had mothers respond to the CFQ at 12- and 24-months  [  37,   38  ] . Maternal restriction, pres-
sure and monitoring were correlated with standardized infant weights at three ages, with signi fi cant 
associations for only the following: higher birth weight was associated with less pressure to eat at 12 
months and higher infant weight at 12 months with more restriction at 12 months  [  37  ] . Higher mater-
nal pressure at 12 months predicted lower toddler weight at 24 months, yet at the same time, higher 
maternal restriction at 12 months also predicted lower toddler weight at 24 months  [  38  ] . Although a 
longer duration of breastfeeding was associated with lower scores for maternal control (i.e., less pres-
sure and restriction), monitoring was higher for these mothers; yet breastfeeding was not associated 
with infant or toddler weight. While the authors concluded that as early as 1 year of age, controlling 
feeding practices may impact upon toddler weight, they raised the possibility that the mothers may 
have used pressure to eat in response to the perception of or actual infant underweight  [  38  ] . 

 A recent study that also employed the CFQ to measure maternal control of feeding has bearing on 
this issue. Using an online questionnaire methodology, Brown and Lee  [  39  ]  surveyed a relatively large 
sample of mothers, with maternal estimates of weight and length provided for 628 infants of age 6–12 
months. Mothers completed the CFQ along with a questionnaire that asked about their own eating 
behaviors. Infant birth weight and maternal feeding practices were not associated, but a heavier cur-
rent infant weight was signi fi cantly associated with higher maternal restriction and lower pressure to 
eat. More telling, perhaps, was the  fi nding that independent of actual infant weight, mothers who 
perceived their infants as heavier than average expressed more concern about their infants’ weight, 
monitored their infants’ intake more, restricted their infants’ intake more, and pressured them to eat 
less. In addition, mothers who had their own weight concerns (e.g., higher BMI, higher dietary 
restraint), scored higher on restrictive feeding and concern for their infants’ weight, again indepen-
dent of actual infant weight. These results indicate that maternal concerns for and perceptions of 
infant weight may be intertwined, with mothers’ feeding practices moving toward restriction or pres-
sure, respectively, if they viewed their infant as being overweight or underweight. As must be acknowl-
edged with any correlational analysis, however, that infants who were restricted more were heavier 
and infants pressured more were lighter indicates that maternal controlling practices may instead have 
been a response to the infants’ actual weight. 

 This hypothesis is supported by the results of Rifas-Shiman et al.  [  40  ]  who reduced the CFQ 
restriction subscale into a single item, that is “I have to be careful not to feed my child too much,” and 
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scored it in an Agree–Disagree manner. As part of a prospective cohort study of 628 mother–infant 
pairs, these investigators found that maternal restriction at both 6- and 12-months was associated with 
higher child BMI  z -scores at age 3 before,  but not after , adjusting for weight-for-length scores at the 
earlier ages. Maternal restriction was not associated with infant birth weight, but it did predict dura-
tion of breastfeeding, as non-restricting mothers’ breast fed their infants for well over 2 months longer 
than restricting mothers. The authors concluded that mothers may be restricting the food intake of 
infants who are already overweight.  

   Responsive and Sensitive Feeding 

 From the evidence above, a mother’s effort to control feeding may be construed as re fl ecting an inten-
tional set of maternal behaviors aimed at regulating her infant’s food intake—whether proactively to 
avoid her infant becoming over- or underweight, or reactively in response to her infant’s actually 
being over- or underweight. There is another dimension of feeding behavior, however, that may be 
less premeditated and more dependent on a mother’s skill set in reading her infant’s hunger and satiety 
cues. To borrow again from developmental psychology, the area of infant attachment has isolated two 
aspects of parenting that are paramount in promoting a secure infant-mother relationship  [  41  ] . 
 Sensitivity  refers to how well the mother reads her infant’s cues, while  responsiveness  refers to how 
promptly she reacts to her infant’s signals. While sensitivity and responsiveness serve as the founda-
tion for establishing a secure attachment, which in turn is predictive of a variety of positive child 
outcomes  [  42  ] , the role of these caregiver characteristics has only recently been considered with 
respect to the context of feeding  [  43  ] . This is somewhat ironic, given the early work by Brody  [  10  ]  
and Ainsworth  [  11  ]  that stands as the  fi rst instances of scrutinizing the dynamics of maternal feeding 
during infancy. Nonetheless, a few recent studies are illustrative of the role that these behavioral assets 
may play in affecting infant weight. 

 Using a cross-sectional design, Thompson et al.  [  44  ]  studied 150 mother-infant pairs, with 30 
dyads at each of the ages 3-, 6-, 9-, 12- and 18-months. In validating the questionnaire which 
they developed, the investigators assessed what they termed a responsive feeding style, with their 
 fi nal model including a scale for responsiveness to hunger and satiety cues. Initiating a feeding when 
her infant is deemed to be hungry and terminating the feed when the infant repeatedly turns away or 
falls asleep would represent responsiveness. Both their exploratory and multiple regression analyses 
of the differences in infants’ weights associated with feeding styles revealed that the weight-
for-length  z -scores were lower in infants whose mother had higher scores for responsiveness to 
satiety cues. 

 In contrast, Worobey et al.  [  45  ]  employed a longitudinal approach to track growth in formula-fed 
infants from birth through 3-, 6-, and 12-months. At 3- and 6-months they observed a feeding bout at 
the family’s home, using the Feeding Scale of the NCAST system, a checklist that allows for the live 
recording of mother and infant contingent behaviors during feeding  [  46  ] . Of special interest was the 
subscale of sensitivity to cues, which credits the mother for appropriate handling and verbalizing to 
her baby, as well as pausing, pacing, and terminating the feed as signaled by the infant. A higher sen-
sitivity score therefore indicates the mother’s ability to read her infant’s satiety cues. None of the peri-
natal measures predicted growth from birth to 3-months, nor did 3-month measures to growth from 3 
to 6 months. However, maternal sensitivity to infant cues at 6 months was inversely predictive of 
infant weight gain from 6 to 12 months, with more reported feeds/day positively related. In other 
words, mothers who were less adept at reading their infants’ satiety signals, and who may be assumed 
to overfeed, had infants who subsequently gained greater amounts of weight. As 40 % of the sample 
infants were at or above the 85th percentile of weight for length at 12 months (up from 30 % at 
6 months), the cumulative effect of overfeeding should not be minimized.  



374 J. Worobey

   Conclusion 

 Since the advent of the current obesity crisis, researchers from a broad array of disciplines have 
sought answers to explain why this epidemic has occurred, and more important, how it can be slowed 
or reversed. As it is painfully evident that even children are exhibiting obesity in alarming numbers 
 [  2  ] , increasing efforts have been made to identify the earliest factors that contribute to childhood 
overweight. Apart from research in genetics, nutrition, or physical activity, an appreciable body of 
research has emerged that has examined aspects of parenting, speci fi cally parental feeding strategies, 
as a correlated if not causal factor in predicting excess child weight gain. A 2004 literature review of 
22 studies with child samples predominantly under age 6-years identi fi ed numerous inconsistencies 
across methods and results, but concluded that parental feeding restriction was generally associated 
with increased child body weight, as well as energy intake  [  47  ] . A subsequent review of 67 studies in 
2008, again predominantly of young children, echoed the relevance of restriction but provided evi-
dence that heavier children elicit restrictive feeding practices  [  26  ] . As for pressuring to eat, the same 
review concluded that the use of pressure is elicited by parental concerns about child underweight; yet 
pressuring does not appear to produce the desired effect of children consuming more food. However, 
feeding an infant is not the same as offering a child an array of foods, and with infant growth remark-
ably rapid, similarly labeled maternal feeding practices may take a different form. 

 To be sure, the study of maternal feeding practices in infancy has a short history, hence only a 
handful of reports are available to date. Despite a limited number, however, their results provide more 
than their share of inconsistencies. At a minimum, different feeding questionnaires were used by dif-
ferent investigators. Some mothers were enrolled from the time of their infants’ birth  [  38  ] , while oth-
ers were asked to recall their infant feeding strategies when their children were age 3 years  [  32  ] . 
Greater maternal control in feeding was associated with higher infant weight in one investigation  [  30  ] , 
lower weight gain in another  [  31  ] , and unrelated in a third  [  36  ] . Likewise, higher birth weight explained 
less pressuring at 12 months in one study  [  37  ] , but predicted nothing in another  [  39  ] . Feeding schedule 
may not matter, but breastfeeding may  [  32,   38  ] . 

 So what can be made of these discrepant results? While feeding an infant may foreshadow feeding 
a child to some degree, the developmental differences between a 6-month-old and 6-year-old are phe-
nomenal. Practices like restriction and pressuring to eat may prove to be, as has been suggested for 
children, driven by the infant’s weight status. That is, mothers whose infants are overweight may 
restrict, although mothers whose infants are underweight are far likelier to pressure. After all, the 
appearance of a fat baby still remains as a marker of good mothering in the eyes of some  [  48  ] , even in 
an era when child obesity is feared, so maternal attempts to pressure or overfeed are important to 
investigate. Unlike pressuring a child to eat where food refusal may be part of the dynamic, however, 
it does seem the case that in infancy, a mother can overfeed by virtue of failing to heed her infant’s 
satiety signals. Whether done “to gratify baby”  [  11  ]  or due to lower sensitivity  [  45  ] , overfeeding may 
be practiced by some mothers with a resultant heavier infant. While less a risk for breastfeeding moth-
ers, pumped milk that is later fed to supplement an infant’s daily intake can still lead to overfeeding. 

 While the implication for clinicians may be to help mothers understand the associated risks of 
infant overweight, and guide them to better read their infants’ hunger and satiety cues  [  49  ] , a directive 
for researchers follows from the intriguing results of Blissett and Farrow  [  37,   38  ] . Recall they observed 
that high maternal control served to keep infants growing on the pace they displayed in their  fi rst few 
months, whether under- or overweight, while low control appeared to allow the infant to self-regulate 
to a healthier weight. Future work would do well to record growth and feeding patterns from 
birth onward, so as to better gauge the role of maternal feeding style in tandem with the infant’s 
growth trajectory.      
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            A 
  Abnormal tooth development 

 ankyloglossia , 99  
 caries and erosion , 99–100  
 dentin formation , 98  
 enamel hypoplasia , 98  
 etiology , 98  
 food exposures , 100–101   

  ABR.    See  Auditory brainstem response (ABR)  
  ACTH.    See  Adeno corticotropic hormone (ACTH)  
  Adeno corticotropic hormone (ACTH) , 28, 33   
  Adipocytes 

 adipocyte-derived proteins, endocrine functions , 324  
 differentiation , 324  
 and lymphocytes , 323  
 mature , 322  
 metabolic functions , 322, 323   

  Adipokines , 322, 328   
  Adipose tissue-secreted proteins 

 adiponectin , 324–325  
 Interleukin (IL)-6 and TNF- a  , 326  
 leptin , 325  
 resistin , 326  
 visfatin , 325   

  American Academy of Pediatrics (AAP) 
recommendations , 315–316   

  American Heart Association (AHA) recommendations , 
315–316   

  Amino acid metabolism 
 homocystinuria 

 clinical manifestations , 17  
 dietary management , 17–18  
 methionine , 17  

 hyperphenylalaninemias 
 BH4 and PAH , 15  
 dietary management , 15–16  
 Phe concentrations , 15  
 PKU , 14  

 MSUD , 18–19  
 PPA and MMA , 19–20  
 tyrosinemia type I 

 clinical symptoms and pathogenesis , 16  

 dietary management , 16–17  
 liver transplantation , 16  
 Richner–Hanhart’s syndrome , 16  
 synthesis , 16  
 treatment , 16  

 tyrosinemia type II , 17   
  Ankyloglossia , 99   
  ANSD.    See  Auditory neuropathy spectrum 

disorder (ANSD)  
  Anti epileptic drugs (AEDs) , 27   
  Antioxidants (AOXs) , 224–225   
  AOXs.    See  Antioxidants (AOXs)  
  ARG.    See  Arginine (ARG)  
  Arginine (ARG) , 223   
  Auditory brainstem response (ABR) 

 abnormalities , 201  
 electro-physiological measure , 193  
 wave I-VII response , 193, 194, 198  
 waves , 194   

  Auditory cortex , 192   
  Auditory neuropathy spectrum disorder 

(ANSD) , 193    

  B 
  Bacterial illness 

 acute diarrheal , 125  
  campylobacter    ( see Campylobacter ) 
  C. dif fi cile    ( see Clostridium dif fi cile ) 
 description , 125  
  E. coli    ( see Escherichia coli (E. coli) ) 
  salmonella    ( see Salmonella ) 
  vibrio cholera    ( see Vibrio cholera ) 
  y. enterocolitica    ( see Yersinia enterocolitica )  

   Bacteroides fragilis  
 fecal samples , 257  
 isolation, stool , 260   

  Basal metabolic rate (BMR) , 236, 237   
  Bayley psychomotor developmental index , 339   
  Bayley scale of infant and toddler development 

(BSID) , 298   
  BF.    See  Cessation of breastfeeding (BF)  
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  Birth size 
 adult disease , 359  
 adult obesity , 363  
 early growth , 361  
 genetic susceptibility , 360   

  Birth weight 
 adipocytes , 327  
 adiponectinemia , 328  
 leptin , 328   

  BMR.    See  Basal metabolic rate (BMR)  
  Body composition 

 chronic disease , 3  
 CP   ( see  Cerebral palsy (CP)) 
 description , 3  
 DS   ( see  Down syndrome (DS))  

  Body mass index (BMI) 
 assessment , 349  
 centile charts , 348  
 changes, age and gender , 348  
 co-morbidities , 352  
 Crohn’s disease , 67  
 reduction , 353  
 WHO standards , 350   

  Body weight 
 fat and fat-free components , 348  
 measurements , 83   

  Bowel adaptation growth and interdisciplinary 
management 

 advantages, bowel dilatation , 51  
 cost reduction, HPN , 51–52  
 follow-up , 52  
 intestinal rehabilitation programs , 51  
 life-threatening complications , 51  
 management , 51  
 PNALD , 51  
 risk , 51  
 STEP , 51  
 survival rates , 52   

  Breast feeding 
 avoidance, HIV transmission , 176  
 cleft lip and palate , 96  
 complementary , 176–179  
 dif fi culties , 99  
 exclusive , 176  
 formula , 179–180  
 HIV-related challenges , 183–184  
 libitum , 100  
 nipple , 98  
 termination , 99  
 WHO guidelines , 182–183   

  Breast milk 
 bi fi dobacteria and lactobacilli , 285  
 and colostrum , 285  
 contents , 285  
 fed infants , 285  
 formula-fed , 280  
 GI motility pattern , 286  
 IgA antibodies , 146  
 infant nutrition , 279  
  vs.  placebo formula , 287   

  BSID.    See  Bayley scale of infant and toddler 
development (BSID)   

  C 
  CAD.    See  Coronary artery disease (CAD)  
  Caloric intake 

 dietary guidelines, Americans , 312  
 dyslipidemia , 315  
 high-risk individual approach , 312  
 maintain, body weight , 315   

  Caloric restriction and weight loss , 325   
   Campylobacter  

 diagnosis , 126  
 epidemiology/incidence , 125  
 manifestation , 126  
 pathogenesis , 126   

  Carbohydrate metabolism 
 galactosemia , 21–22  
 GSD , 22   

  Cardiopulmonary bypass (CPB) , 216   
  Caries , 99–100   
  Catastrophic epileptic syndromes , 27   
  Catch-up growth 

 infants , 171   
   C. dif fi cile .    See Clostridium dif fi cile   
  CD infants.    See  Celiac disease (CD)  
  Celiac disease (CD) 

 clinical manifestations , 145  
 pediatric , 145  
 prevention , 146–147  
 treatment 

 adherence to diet and follow-up , 149  
 gluten-free diet , 147–148  
 history , 147  
 lactose intolerance , 148  
 malnutrition , 149  
 micronutrient supplementation , 149  
 novel non-dietary , 150  
 oats , 148   

  Central venous catheters (CVC) 
 home parenteral nutrition, children and adults , 249  
 insertion , 236  
 related complications , 241   

  Cerebral palsy (CP) 
 body composition 

 estimation , 6  
 and nutritional status , 5  

 centripetal fat pattern , 6  
 classi fi cation , 2  
 clinical assessment 

 BMI growth charts , 7  
 computed stature values , 7  
 growth charts, height , 6  
 national health and nutrition examination 

surveys , 8  
 nutritional status and body fat , 8  
 standard of care, pediatric examination , 6  
 stature measurement accuracy , 6  
 Tibia length growth curves , 7–8  
 weight and height determination , 7  

 de fi nition , 2  
 disability , 2  
 growth characteristics 

 age-speci fi c measures , 2  
 body size , 2  
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 failure, malnutrition , 2  
 feeding dif fi culties , 3  
 NAGCPP , 3  
 nutritional compromise and disease severity , 3  
 nutritional status and disease severity , 3  
 seizure disorders , 3  
 standard deviations (SD) , 2   

  Cessation of breastfeeding (BF) , 146–147   
  Childhood obesity.    See  Infant and childhood obesity  
  Children 

 energy, glucose, lipid and amino acid 
requirements , 248  

  fl uid and electrolyte requirements , 248  
 gangliosides, neurological development , 110, 114  
 home parenteral nutrition 

 central venous access , 249  
 complications , 250   

  Chronic kidney disease (CKD) 
 de fi nition and stages , 165  
 forced nutrition , 171  
 growth hormone (GH) , 171–172  
 growth retardation 

 epidemiological data , 166  
 pathogenic factors , 166, 167  

 guidelines, nutrition 
 calcium and phosphate , 170–171  
 energy , 168, 170  
 nutritional and growth status, evaluation , 168, 169  
 protein , 169  
 sodium chloride , 169  
 vitamin and trace element , 170  

 malnutrition , 167  
 nutritional targets , 166–167  
 pathophysiology, cachexia/PEW , 167  
 pediatric renal nutrition therapy , 166  
 renal excretion, anorexigenic peptides , 167–168  
 serum leptin , 168   

  CKD.    See  Chronic kidney disease (CKD)  
  Clinical trials, LCPUFA.    See  Long chain polyunsaturated 

fatty acids (LC-PUFAs)  
   Clostridium dif fi cile  

 diagnosis/treatment , 133  
 epidemiology/incidence , 132–133  
 manifestation , 133  
 pathogenesis , 133   

  Colonic  fl ora 
 carbohydrate fermentation 

 absorption, SCFA , 261–262  
 actinomyces bacteroides , 258–259  
 asymptomatic carrier , 262  
  Bacteroides fragilis   ,  260  
 breast-fed and formula-fed infants , 260–261  
 breath H 

2
  excretion and concentration , 260  

 dietary carbohydrate , 259  
 fecal concentration, SCFA , 261  
 iron supplementation , 260  
  Lactobacillus  species , 262  
 lumenal pH , 258  
 malabsorption , 262  
 short-chain fatty acid , 258  

 fermentation , 255  

 function , 255  
 immune system, bacterial colonization , 257  
 intestinal, development , 256  
 lactic acid , 263  
 modulation , 255  
 physiological conditions , 263  
 probiotics and potential health bene fi ts , 257–258   

  Complications 
 CVC-related , 241  
 metabolic , 242  
 PEG 

 late post-operative , 63–64  
 operative and early post-operative , 62  
 post-operative , 62–63  

 psychosocial , 242  
 wound infection/erythema , 58, 59, 62, 63   

  Coronary artery disease (CAD) 
 atherosclerosis , 306  
 blood TC and LDL-C increase , 306–307  
 diet   ( see  Diet) 
 dyslipidemia , 315  
 follow up , 314  
 institutional recommendation , 307  
 lipoproteins , 306  
 morbidity , 305  
 NCEP recommended levels , 306  
 NHANES , 305, 306  
 nutritional assessment and counseling , 314  
 nutritional supplements   ( see  Nutritional 

supplements) 
 prevalence , 305–306  
 risk factors , 306  
 screening , 306  
 therapy , 314–315   

  CPB.    See  Cardiopulmonary bypass (CPB)  
  C-reactive protein (CRP) , 66   
  Critical illness.    See  Metabolic response  
  Crohn’s disease 

 abdominal pain , 66  
 characterization , 65  
 clinical practice 

 EEN  ( see  Exclusive enteral nutrition (EEN)) 
 food re-introduction , 71  
 poor weight gain , 71  
 remission maintenance , 72–73  
 therapeutic options , 71–72  
 treatment , 70–71  

 CRP and ESR , 66  
 diagnoses , 65–66  
 features , 66  
 history and examination , 66  
 in fl ammation , 66  
 nutrition 

 body composition , 67–68  
 height , 66–67  
 micronutrients , 68  
 PN , 69–70  
 poor, aetiology , 66–67  
 treatment, EEE and PN , 68–70  
 weight and BMI , 67  

 symptoms , 65   
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  CRP.    See  C-reactive protein (CRP)  
  CVC.    See  Central venous catheters (CVC)  
  Cytokines 

 local and systemic immune function , 214  
 postoperative , 217  
 proin fl ammatory , 215  
 reduction , 216    

  D 
  Dehydration , 135–136   
  Dental development 

 abnormal tooth   ( see  Abnormal tooth development) 
 chronology, human dentition , 95  
 formation, oral structures , 94  
 intrauterine growth disturbances 

 cleft lip and palate , 96  
 craniofacial malformations , 96  
 dental eruption , 98  
 fetal alcohol spectrum disorders , 96  
 low birth weight/prematurity , 97  
 oromotor dysfunction , 97–98  
 syndrome , 96  

 normal 
 craniofacial complex , 92–93  
 saliva , 93  
 soft tissue , 93  
 teeth , 93   

  Dental eruption , 98   
  Developmental disabilities , 190   
  Developmental origin of disease hypothesis (DOHaD) 

 birth size and adult disease , 361  
 description , 360–361  
 epigenetic modi fi cations , 362  
 foetal undernutrition , 361  
 genetic susceptibility , 362–363  
 growth acceleration , 362  
 maternal stress and glucocorticoids , 361–362  
 synthesis and research , 363   

  DHA.    See  Docosahexaenoic acid (DHA)  
  Diabetes mellitus, infants and children 

 age-speci fi c advice 
 infants , 210  
 toddlers , 210  
 young children , 210–211  

 arti fi cial sweeteners , 209  
 carbohydrate , 207–208  
 classi fi cation , 205–206  
 description , 205  
 “diabetic” foods , 208  
 energy balance and individual food components , 207  
 exercise , 209  
 fat and protein , 208  
 “honeymoon period” , 209  
 hypoglycaemia, treatment , 209  
 illness , 210  
 insulin requirements , 209  
 nutritional management, aims , 206–207  
 trace elements and salt , 208   

  Diarrhea 
 diagnosis , 123  
 evaluation , 122  
 lab testing , 123  
 medical evaluation , 136  
 parasitic infection   ( see  Parasitic infection) 
 pathophysiology 

 absorption mechanisms , 120  
 acute infectious algorithm , 121  
 etiology , 122  
 intestinal tract , 120  
 oral rehydration therapy , 120  
 osmotic, secretory, motility, and in fl ammatory , 

120–121  
 World Health Organization (WHO) , 121   

  Diet 
 CAD, childhood 

 dietary intervention  ( see  Dietary intervention) 
 effects, low-fat , 312  
 hypercholesterolemia , 307  
 nutritional supplements  ( see  Nutritional 

supplements) 
 therapy , 315  

 ketogenic diet   ( see  Ketogenic diet, intractable 
epileptic syndromes)  

  Dietary gangliosides 
 extraction and analytical techniques , 111  
 foods content , 112  
 infant formula, human and bovine milk , 111–112  
 LBSA , 111, 112  
 liquid chromatography-mass spectrometry 

technologies , 111  
 neurological development and function , 111  
 nutrition , 111  
 sources, exogenous   ( see  Exogenous ganglioside 

sources)  
  Dietary intervention 

 AHA and APP recommendations, lifestyle , 
317–318  

 controlled trial, children , 308  
 LDL receptors activity , 307–308  
 low carbohydrate diets , 311  
 National Cholesterol Education Program , 1992, 308  
 PCAT program , 308  
 recommendations , 311–312  
 reduction, fat and salt , 308  
 treatment, hypercholesterolemia , 307, 309–310   

  Dietary reference intakes (DRIs) , 220   
  Dietary therapy , 139   
  Docosahexaenoic acid (DHA) 

 breast milk , 300  
  fi sh oil , 296  
 infant neurodevelopment 

 accumulation amount , 334  
 ARA-335 , 334  
 concentration , 334  
 formula-fed infants , 334  
 human milk , 334  

 LC-PUFA , 297, 298–300   
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  DOHaD.    See  Developmental origin of disease 
hypothesis (DOHaD)  

  Down syndrome (DS) 
 body composition , 9  
 clinical assessment , 10  
 de fi nition , 8  
 growth characteristics , 8–9  
 phenotypic abnormalities , 8   

  DRIs.    See  Dietary reference intakes (DRIs)  
  Dutch dietary treatment guideline , 31   
  Dyslipidemia , 315    

  E 
  Early childhood caries (ECC) , 92   
  Early intervention , 190, 191   
  ECC.    See  Early childhood caries (ECC)  
  ECMO.    See  Extracorporeal membrane oxygenation 

(ECMO)  
  EEN.    See  Exclusive enteral nutrition (EEN)  
  EFA.    See  Essential fatty acids (EFA)  
  EN.    See  Enteral nutrition (EN)  
  Endoscopy.    See  Percutaneous endoscopic 

gastrostomy (PEG)  
  End-stage renal disease (ESRD) , 165   
  Energy requirement , 219–220   
  Enteral and parenteral nutrition, SBS 

 administration debate, clinicians , 48  
 breast milk , 51  
 causes, aggressive strategy , 51  
 evidence-based recommendations , 48  
 gastric feeding , 49  
 gradually increase volume , 48  
 hepatic dysfunction , 45  
 limited period , 45  
 normal energy requirements , 48  
 PNALD , 45  
 reduction, permanent hyperinsulinaemia , 45  
 risk , 45  
 SIGN , 48  
 solid foods , 49  
 systematic nutritional strategy , 49–51   

  Enteral feeding , 57   
  Enteral nutrition (EN) 

 adaptation , 157  
 feeding therapy 

 breast milk , 156  
 continuous feeds  vs.  oral feeds , 156  
 oral autonomy , 156  
 oral feeds , 157  
 therapeutic , 155–156  
 TPN , 157  

 oral feeds , 155   
  Epidemiological methods, adult obesity 

 birth weight , 364  
 infant growth , 365–366  
 infant size , 365   

  Erythrocyte sedimentation rate (ESR) , 66   
   Escherichia coli (E. coli)  

 diagnosis/treatment , 130  
 epidemiology/incidence , 127–128  

 manifestation , 129–130  
 pathogenesis , 128, 129   

  ESPEN.    See  European Society for Clinical Nutrition 
and Metabolism (ESPEN)  

  ESPGHAN.    See  The European Society for Pediatric 
Gastroenterology, Hepatology and Nutrition 
(ESPGHAN)  

  ESR.    See  Erythrocyte sedimentation rate (ESR)  
  ESRD.    See  End-stage renal disease (ESRD)  
  Essential fatty acids (EFA) , 237   
  European Society for Clinical Nutrition and Metabolism 

(ESPEN) , 246, 252   
  Exclusive enteral nutrition (EEN) 

 adjunctive therapy , 69  
 administration , 68  
 assessment , 70  
 cytokine production , 68  
 dietary reference manuals , 70  
 disease location , 70  
 elemental and polymeric formula , 69  
 maintenance therapy , 69  
 middle 1980’s , 69  
 palatability , 71  
 physical activity levels increases , 70  
 PN , 68  
 polymeric/elemental low residue feed , 68  
 risk , 70  
 steroid therapy , 69  
 treatment courses , 70–71   

  Exercise 
 children , 209  
 patterns , 207  
 physical , 354  
 structure and unstructure , 354   

  Exogenous ganglioside sources 
 adults and elderly , 115  
 animal trials , 114  
 blood–brain barrier , 114  
 breast milk , 114  
 dietary , 113  
 human clinical trials , 114–115  
 memory formation , 113  
 prerequisites , 113  
 remodelled , 113   

  External feeds 
 behavioural , 86  
 description , 86  
 PN , 87  
 post-liver transplantation , 86–87   

  Extracorporeal membrane oxygenation 
(ECMO) , 219, 221    

  F 
  Fat 

 control, leptin , 327  
 long-chain polyunsaturated fatty acids 

(LCP/PUFA) , 80  
 malabsorption , 79  
 metabolism , 20, 80  
 soluble vitamin de fi ciency , 80   
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  Fecal  fl ora 
 infantile colic , 262  
 iron supplementation , 260  
 maturation , 261  
 modulation , 255  
 water absorption, colon , 261–262   

  Fetal alcohol spectrum disorders , 96   
  Formula 

 fed infants , 280, 285  
 feeds , 280  
 gastric emptying , 285  
 GI motility pattern , 286  
 and human milk , 285  
 placebo , 287  
 probiotic , 286    

  G 
  Galactose metabolism 

 de fi ciency , 21  
 detection and elimination , 21  
 dietary management , 22  
  E. coli  sepsis , 21  
 neurological impairment , 21  
 symptoms , 21   

   g -Amino butyric acid (GABA) , 198   
  Gangliosides 

 alkali treatments , 107  
 ceramide structure , 107  
 dietary sources , 111–113  
 ganglionzellen , 106  
 glycan component , 106  
 molecular structures , 106  
 neurological development   ( see  Neurological 

development, gangliosides) 
 oligosaccharide structures , 106  
 sialic-acid residues , 106  
 synthesis , 107  
 variations , 106   

  Gastric emptying 
 cow’s milk allergy , 287  
 and motility , 284  
 rate , 286  
 reduction , 287  
 signal affect , 286   

  Gastroenteritis 
 bacterial illness   ( see  Bacterial illness) 
 diarrhea   ( see  Diarrhea) 
 infectious disease syndrome , 120  
 parasitic infection   ( see  Parasitic infection) 
 treatment 

 degrees of dehydration , 136–137  
 dietary therapy , 139  
 oral rehydration therapy , 140  
 pharmacologic therapy , 139–140  
 probiotics , 140  
 rehydration and maintenance , 137–139  
 zinc-forti fi ed ORS , 140  

 viral enteritis   ( see Viral enteritis )  

  Gastrostomy.    See  Percutaneous endoscopic 
gastrostomy (PEG)  

  Genetic susceptibility , 362–363   
  GFD.    See  Gluten-free diet (GFD)  
  GFR.    See  Glomerular  fi ltration rate (GFR)  
  GLN.    See  Glutamine (GLN)  
  Glomerular  fi ltration rate (GFR) , 165   
  Glucocorticoids , 361–362   
  Glutamine (GLN) , 224   
  Gluten-free diet (GFD) , 147–148   
  Glycogen storage disease (GSD) 

 biochemical abnormalities , 22  
 dietary management 

 GSD Ia , 22–23  
 GSD III , 23  
 GSD IV , 23  

 liver and muscle , 22  
 signs and symptoms , 22   

  Growth hormone (GH) 
 chronic renal failure , 167  
 infants, CKD , 171–172  
 resistance , 166   

  Growth retardation, CKD 
 epidemiological data , 166  
 pathogenic factors , 166   

  GSD Ia 
 de fi ciency, glucose-6-phosphatase , 22  
 description , 22  
 dietary management , 22–23    

  H 
  Hearing loss 

 hearing impairment , 194  
 iodine de fi ciency , 196  
 sensorineural , 195, 199, 201   

   Helicobacter pylori   ,  272–273   
  Hepatic metabolism 

 carbohydrate , 79  
 protein , 79   

  Hepatotoxicity, nutritional factors , 160   
  Highly active antiretroviral therapy/HAART , 180   
  HIV and infants 

 antiretroviral prophylaxis, mother-to-child 
transmission , 180–182  

 breastfeeding , 176  
 challenges , 183–184  
 complementary feeding , 176–179  
 exclusive breastfeeding , 176  
 formula feeding , 179–180  
 infection , 176  
 positive infants and children , 182  
 transmission , 176  
 WHO guidelines , 182–183   

  HIV/HIV infections 
 de fi ciencies , 182  
 large trials , 181  
 pregnant woman , 180  
 WHO guidelines, infant feeding , 177–178   
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  Home parenteral nutrition (HPN) 
 administration , 246  
 central vein cannulation , 246  
 complications , 250–251  
 incidence , 246  
 indications , 246–247  
 intestinal failure , 252  
 legislation , 252  
 practical issues 

 administration , 250  
 education and training , 247  
 monitoring , 250  
 requirements , 248  
 teaching patients and families , 249–250  
 team selection , 247  
 venous access , 248–249  

 quality of life (QoL) , 251   
  HPN.    See  Home parenteral nutrition (HPN)  
  Human milk 

 DHA content , 300  
 LC-PUFA , 300   

  HYPER.    See  Hypermetabolic (HYPER)  
  Hypercholestrolemia in children 

 and diet , 307  
 dietary interventions   ( see  Dietary intervention) 
 drugs , 318  
 psychological and nutritional consequences , 315  
 soy protein , 313  
 treatment , 309–310   

  Hypermetabolic (HYPER) , 220   
  HYPO.    See  Hypometabolic (HYPO)  
  Hypomagnesemia , 158   
  Hypometabolic (HYPO) , 220    

  I 
  IBD.    See  In fl ammatory bowel disease (IBD)  
  ICV.    See  Inferior caval vein (ICV)  
  IGF-1.    See  Insulin-like growth factor (IGF-1)  
  IIT.    See  Intensive insulin therapy (IIT)  
  Inborn errors, metabolism 

 amino acid   ( see  Amino acid metabolism) 
 biochemical abnormality , 14  
 description , 13  
 fatty acid oxidation defects , 20–21  
 genetic mutation , 13  
 nutritional evaluation and treatment , 14  
 phenylketonuria (PKU) , 14  
 signs and symptoms , 13–14  
 urea cycle defects , 20   

  Infant and childhood obesity 
 aetiology 

 calori fi c intake , 351  
 endocrine causes , 351  
 genetic and syndromic causes , 351, 352  
 risk factors , 351, 352  

 complications , 351, 353  
 de fi nition and diagnosis , 350  
 description , 349  
 growth monitoring , 351  

 lifestyle , 355  
 nutritional therapy , 355  
 population screening program , 351  
 prevalence , 351, 352  
 prevention , 354  
 primary and secondary causes , 349  
 public health measures , 355–356  
 treatment , 354   

  Infant formula 
 breast feeding , 177  
 conditions , 178   

  Infant growth and adult obesity 
 aetiology , 360  
 DOHaD   ( see  Developmental origin of disease 

hypothesis (DOHaD)) 
 early life effects, adult 

 BMI , 363–364  
 consequences , 363  
 interpretation , 364  
 prevention , 363  
 standard regression techniques , 364  

 energy imbalance , 359  
 epidemiology   ( see  Epidemiological methods, adult 

obesity) 
 growth patterns , 360  
 implications , 366–367  
 postnatal growth , 360  
 prevalence , 359–360  
 risk factor , 359   

  Infantile spasms (IS) 
 diagnoses , 31  
 infants, KD , 32–33  
 treatment 

 non pharmacologic  ( see  Non pharmacological 
treatment) 

 pharmacological  ( see  Pharmacological 
treatment, IS)  

  Infant neurodevelopment 
 Bayley Motor Development Index , 344  
 DHA status , 334–335, 345  
 epidemiological and maternal supplementation , 344  
 LCPUFA   ( see  Long chain polyunsaturated fatty acids 

(LC-PUFAs)) 
 low-birth-weight infants , 344  
 maternal nutrition , 345  
 recommendation, pregnant and lactating women , 344   

  Infants 
 ACTH , 33  
 composition , 33–34  
 evaluation , 33  
 intractable epilepsy , 32  
 monitoring , 35–36  
 starting , 34–35   

  Infant weight gain 
 blended feeding styles , 372  
 bottle-feeding , 373  
 breast-fed , 370  
 consequence , 370  
 feeding behavior , 370  
 frequent feedings , 371  
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 Infant weight gain (cont.)
maternal control , 374  
 maternal overfeeding , 370  
 maternal sensitivity , 370, 375  
 overweight and obesity , 369  
 prediction , 376   

  Infectious diarrhea 
 FOS consumption , 271  
 gastroenteritis , 269  
 GOS/FOS supplementation formula , 271  
 mechanisms , 269  
 moderate effect , 269  
 prevention , 269  
 treatment , 269–271   

  Inferior caval vein (ICV) , 236   
  In fl ammation, Crohn’s disease 

 bowel disease , 66, 68  
 discontinuous , 65  
 gastro intestinal , 65, 66  
 markers , 71, 73  
 nutritional de fi cits , 66   

  In fl ammatory bowel disease (IBD) , 273   
  Insulin 

 administration , 210  
 regimens and speci fi c circumstances , 209  
 resistance , 206  
 resistin, adiposity , 328   

  Insulin-like growth factor (IGF-1) 
 liver disease , 81  
 metabolism, chronic renal failure , 167   

  Intensive insulin therapy (IIT) , 218   
  International Obesity Task Force (IOTF) standards , 352   
  Intestinal bacteria, MACs , 261   
  Intestinal failure therapy 

 enteral feeding 
 adaptation , 157  
 breast milk , 156  
 continuous feeds  vs.  oral feeds , 156  
 oral autonomy , 156  
 oral feeds , 157  
 therapeutic , 155–156  
 TPN , 157  

 goals , 153  
 growth , 154–155  
 HPN , 246, 247, 252  
 parenteral nutrition   ( see  Parenteral nutrition therapy) 
 pediatric patient , 154   

  Intestinal immunity 
 bacteria , 280  
 breast-milk infants , 280, 285  
 gut sustem , 281  
 micro fl ora , 282   

  Intestinal rehabilitation 
 adaptation , 155  
 goal , 154   

  Intestinal transplantation (IT) , 247   
  Intractable epileptic syndromes.    See  Ketogenic diet, 

intractable epileptic syndromes  
  Intrauterine growth retardation , 97   

  IOTF standards.    See  International Obesity Task Force 
(IOTF) standards  

  IT.    See  Intestinal transplantation (IT)   

  K 
  Ketogenic diet, intractable epileptic syndromes 

 anti epileptic drugs (AEDs) , 27  
 catastrophic syndromes , 27  
 causes, infantile spasms , 28  
 epilepsy syndromes and incidence, less than12 

months child , 28  
 evaluation , 37  
 illness infants, ORS junior , 41  
 infantile spasms   ( see  Infantile spasms (IS)) 
 infants   ( see  Infants) 
 9 months old infants , 40  
 schedules , 39  
 tapering , 37  
 treatment 

 adverse effects, diet , 30  
 advocacy , 31  
 children , 27  
 classic and medium-chain-trig-lyceride (MCT) 

version , 29  
 controlled trial , 2008, 30  
 dietary treatment guideline, Dutch , 31  
 diet composition , 29  
 differences , 30  
 discovery , 29  
 epilepsy, 2003 and 2012 , 30  
 MCT/LCT version , 30  
 optimal clinical management , 31    

  L 
  LBW.    See  Low birth weight (LBW)  
  LC-PUFAs.    See  Long chain polyunsaturated fatty acids 

(LC-PUFAs)  
  Lipid composition 

 emulsions (LEs), preterm infants 
  fi sh oil , 296–297  
 intravenous lipid dose , 297  
 olive oil , 295–296  
 soybean oil , 295  

 enteral nutrition, preterm infants 
 description , 297–299  
 PUFA intake , 297  
 PUFA supplementation  ( see  Long chain 

polyunsaturated fatty acids (LC-PUFAs)) 
 feeding intolerance , 294  
 low birth weight , 294  
 preterm infants , 294  
 processes , 294   

  Liver transplantation 
 better survival , 78  
 degree of pre-transplant malnutrition , 78  
 post , 86–87  
 risk, malnutrition , 84   
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  Long chain polyunsaturated fatty acids (LC-PUFAs) 
 breast milk fed preterm infants , 300  
 epidemiology, pregnancy and infancy 

  fi sh consumption , 335, 338  
 formula, feeding , 337  
 human milk , 337  
 iron-de fi ciency anemia , 338  
 RCTs analysis , 337–338  
 relationship, DHA levels and MMT score , 335  
 studies list , 335, 336  
 very-low-birth-weight infants , 337  
 weaknesses , 337  

 formula fed preterm infants 
 BSID , 298  
 DHA , 298  
 meta-analyses , 299  
 neurodevelopment , 298–299  

 growth, preterm neonates , 299  
 intervention 

 DHA-forti fi ed formulas , 344  
 follow-ups , 343–344  
 language development , 343  
 randomization and controlled trials , 341–343  

 meta-analysis , 335  
 paediatric liver disease , 80  
 recommendations , 300  
 safety , 300  
 supplementation, lactation and neurodevelopment 

 Bayley psychomotor developmental index , 341  
 better eye and hand coordination , 338  
 DHA and control group , 340  
 follow-ups, children-7 years age , 338–340  
 Hempel and Touwen examination , 340  
 infant planning test , 341  
 performance, 5 years children , 340–341   

  Low birth weight (LBW) , 97, 171, 329, 341, 360, 363    

  M 
  Macronutrients 

 carbohydrates , 222  
 lipids , 222–223  
 protein , 221–222   

  Malnutrition 
 adipose tissue , 326  
 children, CKD , 167  
 critical illness infants and children , 217  
 liver disease, infants 

 assessment , 83  
 chronic , 77, 81  
 clinical manifestations , 81  
 enteral feeds , 86  
 estimation , 78  
 fat , 83  
 feeds , 82  
 growth hormone , 81  
 pathophysiology , 78  
 protein energy , 78  
 risk , 84  
 vitamin K de fi ciency , 83  

 nutritional and growth status, evaluation , 168, 169   

  Maple syrup urine disease (MSUD) 
 autosomal recessive disorder , 18  
 branched-chain amino acid (BCAA) , 18  
 dietary management , 18–19  
 phenotypes , 18  
 symptoms , 18  
 thiamine-responses , 18   

  Maternal behavior and infant weight 
 breast feeding , 370  
 caregiver , 369  
 consequence , 370  
 control , 372–373  
 cow’s milk , 370  
 feeding patterns and scheduling 

 bottle-fed , 370–371  
 demand feeding , 371  
 demand  vs.  schedule feeding , 371  
 description, “A-D mothers” , 370  
 frequency of feeding , 371  
 measures , 371  
 mother-infant interactions , 370  
 self-regulation , 377  

 feeding style  vs.  feeding practices , 371–372  
 food restriction and pressure to eat , 372–373, 376  
 obesity epidemic , 369  
 overfeeding , 370  
 responsive and sensitive feeding , 373–374   

  Maternal control , 372–373   
  Maternal feeding style  vs.  feeding practices , 371–372   
  Maternal stress , 361–362   
  MCT.    See  Multi-chain triglycerides (MCT)  
  Measured resting energy expenditure (MREE) , 219, 220   
  Meta-analysis 

  Bi fi dobacterium lactis   ,  270  
  Lactobacillus reuteri   ,  270   

  Metabolic response 
 age-related nutrient and energy requirements , 213–214  
 antioxidants , 224–225  
 arginine , 223  
 critical illness , 213  
 DRIs , 220  
 energy requirements , 219–220  
 fatty acids , 224  
 glutamine , 224  
 macronutrients 

 carbohydrates , 222  
 lipids , 222–223  
 protein , 221–222  

 nutrition assessment , 218–219  
 nutrition support 

 barriers , 225–226  
 initiation , 226–227  
 monitoring , 227  

 pharmaconutrition , 223  
 probiotics , 225  
 stress   ( see  Stress)  

  Metabolic syndrome 
 adiponectin , 327  
 CAD , 305  
 excess fat accumulation , 324  
 pathogenesis , 330   
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  Methylmalonic acidemia (MMA) 
 dietary management , 19  
 glycine increases , 19  
 “intoxication type” disease , 19  
 metabolic defect , 19  
 urea cycle , 19   

  Micronutrient de fi ciencies 
 iodine , 196–197  
 iron , 197–198  
 protein-energy de fi ciencies , 200, 201  
 vitamin A , 199  
 vitamin B 

12
  , 200  

 vitamin D , 199  
 zinc , 199   

  Micronutrient supplementation , 149   
  Minerals , 239   
  Minimally invasive surgery (MIS) , 216–217   
  MIS.    See  Minimally invasive surgery (MIS)  
  MOD.    See  Multisystem organ dysfunction (MOD)  
  Monitoring 

 home parenteral nutrition , 250, 251  
 ketogenic diet 

 acute illness , 37  
 anesthesia , 37  
 evaluation , 35  
  fi ne-tuning , 35–36  
 oral dehydration salt , 36  
 troubleshooting , 36  

 PN , 240–241   
  Motility, gastrointestinal , 283, 285–287   
  MREE.    See  Measured resting energy expenditure 

(MREE)  
  Multi-chain triglycerides (MCT) , 84   
  Multidisciplinary therapies , 154   
  Multisystem organ dysfunction (MOD) , 217    

  N 
  National health and nutrition examination survey 

(NHANES) , 305, 306   
  Neonate growth and development, adipose tissue 

 adipocyte-derived proteins , 324, 326  
 adipocytokines expression , 329  
 adipokines , 324  
 adiponectin concentration , 329–330  
 birth weight and postnatal growth , 330  
 body size and fat, birth , 329  
 breast milk , 330  
 catch-up growth , 329  
 control , 329  
 description , 323–324  
 endocrine hormones , 324  
 energy storage , 324  
 epidemiology , 329  
 excess and de fi ciency , 324  
 fetal growth , 328  
 function , 324–325  
 immune system regulation , 325  
 in fl ammation and malnutrition , 326  
 lactation , 328  

 maternal and fetal/neonatal weights , 329  
 pathogenetic mechanisms , 324  
 receptors expression , 324, 325  
 relationship , 324  
 restriction, maternal nutrition , 329  
 secreted proteins   ( see  Adipose tissue-secreted 

proteins) 
 visceral and subcutaneous accumulation , 324   

  Neural stem/progenitor cells (NSPC) , 108   
  Neurological development, gangliosides 

 accumulation, GM1 and GM2 , 110  
 biological function , 110  
 CNS , 110  
 disruption , 110  
 exogenous , 113–115  
 ganglioside 9-O-Ac GD3 , 107  
 GD1a and GM1 , 107  
 GM3 and GD3 , 107  
  in vitro  evidence , 108  
  in vivo  evidence , 113–115  
 LIGA-20 , 111  
 loss-of-function mutation , 111  
 monoclonal antibodies , 108  
 RCC and NSPC , 108  
 stages , 109  
 temporal and spatial expression , 111   

  Newborns 
 formula-fed , 286  
 gastric residual , 286  
 ideal food , 285  
 infant , 283  
 intestinal mucosal immune system , 283  
 late preterm , 285  
 oral probiotic supplementation , 286  
 premature , 285  
 preterm and term , 286, 287  
 relationships, digestion, absorption, and motility , 284   

  NHANES.    See  National health and nutrition examination 
survey (NHANES)  

  Non pharmacological treatment 
 IS , 28  
 ketogenic diet 

 ACTH , 28, 33  
 EEG , 28, 33  
 epileptic surgery , 32  
 vagus nerve stimulation , 32   

  NORM.    See  Normometabolic (NORM)  
  Normal and aberrant craniofacial development 

 complex , 92–93  
 dental development   ( see  Dental development) 
 disability management , 101  
 ECC , 92  
 faltering growth , 92  
 feeding behaviors , 92  
 maintenance, oral health , 92  
 recommendations, infant care , 102   

  Normometabolic (NORM) , 220   
  Nutrition 

 clinical assessment and management , 3  
 Crohn’s disease   ( see  Crohn’s disease) 



387Index

 deprivation , 6  
 and disease severity , 5  
 EEN   ( see  Exclusive enteral nutrition (EEN)) 
 human breast milk , 279  
 requirements and support   ( see  Paediatric liver 

disease) 
 requirements, PEG , 47, 58  
 risk , 5  
 status , 4, 5, 8   

  Nutritional assessment , 314   
  Nutritional counseling , 314   
  Nutritional de fi ciencies , 190   
  Nutritional management, diabetes , 206–207   
  Nutritional supplements 

 CAD 
 dietary  fi ber , 313–314  
 garlic , 314  
 modi fi cation, dietary fat quality , 313  
 omega-3 fatty acids , 313  
 plant stanols and sterols , 313  
 soy protein , 313  

 LCPUFAs   ( see  Long chain polyunsaturated fatty 
acids (LC-PUFAs)) 

 oral route , 168, 171   
  Nutritional support , 234, 240   
  Nutrition and bowel adaptation 

 breast milk , 47–48  
 dietary  fi ber , 47  
 glutamine , 46–47  
 luminal factors , 46  
 mechanisms , 46  
 muscular hypertrophy and mucosal hyperplasia , 46   

  Nutrition assessment , 218–219   
  Nutrition support 

 barriers , 225–226  
 initiation , 226–227  
 monitoring , 227    

  O 
  OAE.    See  Otoacoustic emissions (OAE)  
  Obesity 

 childhood   ( see  Infant and childhood obesity) 
 CVD , 305  
 infants   ( see  Infant growth and adult obesity) 
 leptin , 327  
 pediatric , 218  
 visfatin , 327   

  Omega-3 fatty acids , 313   
  Oral health 

 bottle/frequent feeding , 99  
 education , 92  
 maintenance , 92  
 practices, parents , 97  
 protection , 95  
 recommendations , 102  
 regular care , 101   

  Oral rehydration 
 acute diarrhea , 136  
 and electrolyte contents , 138  

 guidelines , 137  
 management , 139  
 therapy , 140  
  Vibrio cholera   ,  130   

  Otoacoustic emissions (OAE) , 193    

  P 
  Paediatric liver disease 

 anthropometry , 83  
 description , 77  
 energy expenditure , 81  
 fat   ( see  Fat) 
 growth hormone , 81  
 hepatic   ( see  Hepatic metabolism) 
 LCP/PUFA , 80  
 liver transplantation , 78  
 malnutrition , 83  
 management and assessment, nutrition , 78  
 nutritional support 

 carbohydrate , 85  
 essential fatty acids , 84  
 external feeds , 86–87  
 fat-soluble vitamins , 85  
 feed choices , 85–86  
 lipids , 84  
 mineral supplementation , 85  
 multi-chain triglycerides (MCT) , 84  
 protein , 85  
 risk, malnutrition , 84  

 pathophysiology, malnutrition , 78  
 PEM , 78  
 PN   ( see  Parenteral nutrition (PN)) 
 reduction, energy intake , 78  
 role, liver , 77   

  Paediatrics.    See  Crohn’s disease  
  Parasitic infection 

  Cryptosporidiosis   ,  134  
  Entamoeba histolytica   ,  134–135  
  Giardia   ,  134  
  Strongyloides stercoralis   ,  135  
  Trichuris trichuria   ,  135   

  Parathyroid hormone (PTH) 
 calcium and phosphorus intake , 170–171  
 concentration, CKD stage , 170–171   

  Parent–child Auto Tutorial (PCAT) program , 308   
  Parenteral nutrition (PN) 

 arti fi cial nutrition (AN) , 234  
 child’s organism , 234  
 complications 

 CVC-related , 241  
 metabolic , 242  
 psychosocial , 242  

 Crohn’s disease , 69–70  
 delivery 

 laboratory parameters , 87–88  
 radiology , 88  

 EN , 234  
 external feeds , 87  
 indications , 234–235  
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 Parenteral nutrition (PN) (cont.)
medication compatibility , 242  
 nutrient requirements 

 carbohydrates , 237–238  
 energy , 236, 237  
  fl uid and electrolytes , 238  
 lipids , 237  
 minerals and oligoelements , 238, 239  
 proteins , 236  
 vitamins , 238, 239  

 organization and administration 
 material , 240  
 modes , 240  
 monitoring , 240–241  
 ordering and preparation , 240  

 venous access , 235–236   
  Parenteral nutrition-associated liver disease (PNALD) , 

44, 45, 51, 155–156, 242, 252   
  Parenteral nutrition therapy 

 de fi nition , 157–158  
  fl uid and electrolyte management , 158  
 glucose , 159–160  
 lipids , 160–161  
 protein , 160  
 vitamins and trace elements , 158–159   

  Pediatric intensive care unit (PICU) , 217, 226   
  Pediatric PN , 237   
  PEG.    See  Percutaneous endoscopic 

gastrostomy (PEG)  
  PEM.    See  Protein-energy malnutrition (PEM)  
  Percutaneous endoscopic gastrostomy (PEG) 

 complications   ( see  Complications) 
 description , 58  
 long-term  vs.  procedure risk , 57  
 nasogastric feeds , 57  
 poor oral intake, nutrition , 57  
 post-operative care 

 administration, analgesia , 61  
 avoid oral intake , 61  
 crystalloid solution , 61  
 feeding catheter , 62  
 low-pro fi le device , 62  

 pre-operative preparation 
 anaesthesia , 60  
 fasting and wound site preparation , 59  
 information, child and parent/caregiver , 58  
 instruments , 60  
 nutritional requirements , 58  
 operative technique , 60–61  
 patient evaluation , 58   

  Peripheral auditory system , 191   
  PEW.    See  Protein-energy wasting (PEW)  
  Pharmacological treatment, IS 

 antiepileptic drugs , 31  
 Pyridoxine (B6) , 31–32   

  Pharmacologic therapy, diarrhea , 139–140   
  Pharmaconutrition , 223   
  PICU.    See  Pediatric intensive care unit (PICU)  
  PN.    See  Parenteral nutrition (PN)  
  PNALD.    See  Parenteral nutrition-associated liver disease 

(PNALD)  

  Polyunsaturated fatty acid (PUFA) , 218   
  Postnatal growth , 360   
  Prebiotics and probiotics 

 bi fi dobacteria and lactobacilli , 279–280  
 enriched formulas , 285–287  
 microbiome–host cross-talking 

 cause and prevention, human disease , 280  
 commensal bacteria inhabiting, human intestine , 

280–281  
 de fi nition , 280  
 encodes , 280  
 enteric nervous system and gastrointestinal 

motility , 283  
 GI mucosal immunology , 282  
 intestinal barrier function , 282  
 regulation , 281–282  
 variation , 280–281  

 nutritious complete food , 279  
 perinatal and neonatal , 283–285  
 streptococcus thermophilus , 280   

  Premature infants , 300   
  Pressure to feed , 374–375   
  Primary extraintestinal diseases , 235   
  Primary gastrointestinal diseases , 235   
  Pro-and prebiotics 

 allergies , 273–274  
 antibiotic-associated diarrhea 

  Helicobacter pylori  eradication , 272–273  
 lactobacillus probiotic strains , 272  
 meta-analyses , 271–272  

 de fi nition , 268  
 infectious diarrhea 

 FOS consumption , 271  
 gastroenteritis , 269  
 GOS/FOS supplemention formula , 271  
 mechanisms , 269  
 moderate effect , 269  
 prevention , 269  
 treatment , 269–271  

 in fl ammatory bowel disease , 273  
 intestinal gut  fl ora , 268–269  
 microbiota , 268  
 molecular technologies , 268  
 safety , 274   

  Probiotics , 133, 140, 257–258   
  Propionic acidemia (PPA) 

 autosomal recessive disorders , 19  
 dietary management , 19  
 metabolic acidosis , 19  
 symptoms , 19  
 urea cycle , 19   

  Protein-energy de fi ciencies 
 ABR, humans , 200  
 community-based study , 201–202  
 infants, kwashiorkor and ten , 201  
 iron de fi ciency anemia , 201  
 “undernutrition” , 200   

  Protein-energy malnutrition (PEM) , 217   
  Protein-energy wasting (PEW) 

 cachexia syndrome , 167  
 evaluation, nutritional status , 169   
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  Protein metabolism.    See  Amino acid metabolism  
  PTH.    See  Parathyroid hormone (PTH)  
  PUFA.    See  Polyunsaturated fatty acid (PUFA)   

  Q 
  QoL.    See  Quality of life (QoL)  
  Quality of life (QoL) , 251    

  R 
  Radial glia cells (RGC) , 108   
  Recombinant human GH (rhGH) 

 administration , 172  
 therapy , 165, 172   

  REE.    See  Resting energy expenditure (REE)  
  Refeeding , 137   
  Refractory epilepsy , 69, 133, 158   
  Resting energy expenditure (REE) 

 BMR , 219  
 calculation , 236, 237   

  Restrictive feeding , 374–375   
  RGC.    See  Radial glia cells (RGC)  
  rhGH.    See  Recombinant human GH (rhGH)   

  S 
  Saliva 

 craniofacial anomalies , 95–96  
 drooling , 93  
 environmental in fl uences , 95  
 functions, oral cavity , 93  
 gland , 93  
 management , 95  
 swallowing food , 93   

   Salmonella  
 diagnosis , 127  
 epidemiology/incidence , 126  
 manifestation , 127  
 pathogenesis , 127   

  SBS.    See  Short bowel syndrome (SBS)  
  SCFAs.    See  Short-chain fatty acids (SCFAs)  
  Scottish Intercollegiate Guidelines Network criteria 

(SIGN) , 38, 48   
  SCV.    See  Superior caval vein (SCV)  
  Sequence, human brain development , 190   
  Serial transverse enteroplasty procedure (STEP) , 51   
   Shigella  

 diagnosis/treatment , 130  
 epidemiology/incidence , 129  
 manifestation , 129–130  
 pathogenesis , 129   

  Short bowel syndrome (SBS) 
 adaptation , 44  
 complications , 44  
 de fi nitions , 44  
 gastroschisis and intestinal atresia , 44  
 interdisciplinary management , 51–52  
 intestinal failure , 43–44  
 nutrition 

 and bowel adaptation  ( see  Nutrition and bowel 
adaptation) 

 clinical manifestation , 45  
 enteral  ( see  Enteral and parenteral nutrition, SBS) 
 PN , 45  
 recommendations , 45  

 survival rates, neonatal , 44   
  Short-chain fatty acids (SCFAs) 

 absorption , 261–262  
 actinomyces bacteroides , 258–259  
 asymptomatic carrier , 262  
  Bacteroides fragilis   ,  260  
 breast-fed and formula-fed infants , 260–261  
 breath H 

2
  excretion and concentration , 260  

 dietary carbohydrate , 259  
 fecal concentration , 261  
 iron supplementation , 260  
  Lactobacillus  species , 262  
 lumenal pH , 258  
 malabsorption , 262  
 short-chain fatty acid , 258   

  SIGN.    See  Scottish Intercollegiate Guidelines Network 
criteria (SIGN)  

  Special Turku Risk Intervention Program (STRIP) , 314   
  STEP.    See  Serial transverse enteroplasty procedure 

(STEP)  
  Stress 

 after surgery , 215–216  
 burns , 217–218  
 cardiac surgery , 216  
 catabolism, skeletal muscle , 214–215  
 cytokines , 214  
 de fi nition , 214  
 gluconeogenesis , 214  
 knowledge and awareness , 214  
 malnutrition , 217  
 MIS , 216–217  
 opioid anesthetic fentanyl , 215  
 pediatric obesity , 218  
 proin fl ammatory cytokines , 215   

  Superior caval vein (SCV) , 236   
  Surgery 

 anesthetic agents , 215  
 cardiac , 216  
 characteristics, metabolic response , 215–216  
 MIS , 216–217    

  T 
  TEOAE.    See  Transient evoked otoacoustic emissions 

(TEOAE)  
  The European Society for Pediatric Gastroenterology, 

Hepatology and Nutrition (ESPGHAN) , 147   
  Thyroid hormone , 327   
  Total parenteral nutrition (TPN) 

 chronic therapy, patients , 160  
 enteral feeds , 155  
 infants , 158  
 oral therapy , 156  
 patients , 159   
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  TPN.    See  Total parenteral nutrition (TPN)  
  Transient evoked otoacoustic emissions (TEOAE) , 201    

  U 
  Undernutrition and hearing impairment 

 auditory function, evaluation , 193–194  
 auditory system and pathway , 191–193  
 human brain , 189  
 infancy , 190–191  
 micronutrient de fi ciencies   ( see  Micronutrient 

de fi ciencies) 
 nutritional de fi ciencies , 190  
 pathways , 195–196  
 protein-energy de fi ciencies , 200–202  
 sequential ontogenetic events , 189–190  
 types and grades , 194–195    

  V 
   Vibrio cholera  

 diagnosis/treatment , 131  
 epidemiology/incidence , 130  
 manifestation , 131  
 pathogenesis , 130–131   

   Viral enteritis  

 developed countries , 124  
 diagnosis , 125  
 differentiating features , 124  
 epidemiology/incidence , 124  
 manifestation , 125  
 pathogenesis , 124   

  Vitamin, parenteral supply , 239    

  W 
  WAT.    See  White adipose tissue (WAT)  
  West syndrome , 27, 28   
  White adipose tissue (WAT) , 218   
  WHO.    See  World Health Organization (WHO)  
  WHO guidelines 

 HIV and infant feeding , 177–178  
 infant feeding , 182–183   

  World Health Organization (WHO) , 121, 195, 352    

  Y 
   Yersinia enterocolitica  

 diagnosis/treatment , 132  
 epidemiology/incidence , 131  
 manifestation , 132  
 pathogenesis , 132           
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